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CHAPTER  2 


2.  THE  NATURAL  ATMOSPHERE1- 
ATMOSPHERIC  STRUCTURE 

K.S.W.  Champion,  Air  Force  Combridcie  Research  Laboratories 
(Latesi  Revision  16  March  1972) 


N.  B.  :  This  chapter  is  not  ready  for  publication,  as  of  the  latest  re¬ 
vision  date,  cited  above.  However,  the  author  has  supplied 
selected  reference  data  for  the  use  of  other  authors  elsewhere 
in  the  Handbook,  and  those  authors  therefore  are  enabled  to 
cite  Chapter  2  as  the  source  of  the  information  thus  utilized. 
Chapter  2  will  be  prepared  and  distributed  to  authorized  re¬ 
cipients  of  the  Handbook  at  an  early  date.  In  the  meantime, 
readers  are  encouraged  to  refer  to  the  predecessor  chapter 
by  the  same  author  in  the  First  Edition  o'  the  Handbook,  to 
other  chapters  in  this  Edition  (num  Jtrs  4,  5,  13)  in  which 
data  supplied  by  Dr.  Champion  are  used  as  noted  above,  and 
to  two  papers*  presented  by  Dr.  Champion  and  his  co-workers 
at  the  Fourteenth  COSPAR  Meeting,  Seattle,  Washington, 

June  1971.  One  of  the  two  preprints  referenced  below  is  in¬ 
cluded  herewith,  in  expanded  form,  as  an  interim  version  of 
Chapter  2. 


'•'Champion,  K.  S.  W.  ,  "  The  Properties  of  the  Dcutral  Atmosphere"  , 
Paper  R.  S;  Champion,  K.  S.  W.  ,  and  R.  A.  Schweinfurth,  "  The 
Mean  COSPAR  International  Reference  Atmosphere",  Paper  F.  2, 
Fourteenth  COoPAd  Meeting,  Seattle,  Washington,  June,  1971. 
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THE  MEAN  COSPAR  INTERNATIONAL 
REFERENCE  ATMOSPHERE 


K.  S.  W,  Champion  and  R,  A.  Schweinfurth 
Air  Force  Cambridge  Research  Laboratories 
Bedford,  Massachusetts,  U.  S.  A. 


This  contributed  paper  has  been  prepared 
for  presentation  at  the  Fourteenth  COSPAR 
Meeting,  June  1971  in  Seattle.  Paper  F.  2. 
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THE  MEAN  COSPAR  INTERNATIONAL 
REFERENCE  ATMOSPHERE 

K.  S.  W.  Champion  and  R.  A.  Schweinfurth 
Air  Force  Cambridge  Research  Laboratories 
Bedford,  Massachusetts,  U.  S,  A. 


1.  INTRODUCTION 

The  new  mean  atmosphere  has  been  developed  for  the  altitude 
range  45  to  500  km.  The  basis  of  the  reference  atmosphere  is  as 
follows: 

Between  25  and  75  km  the  model  represents  annual  mean  condi¬ 
tions  for  latitudes  near  30°. 

Between  120  and  500  km  the  model  corresponds  to  diurnal,  sea¬ 
sonal,  and  semiannual  variation  average  conditions  for  a  latitude 
near  30°  and  a  solar  flux  F  of  145  x  10-^2  W/m^/Hz. 

Between  75  and  120  km  a  model  has  been  developed  which  pro¬ 
vides  a  smooth  connection  between  the  lower  and  upper  sections  of 
the  mean  atmosphere. 

In  addition,  a  basis  is  suggested  for  extending  the  model  from 
25  km  to  ground- level. 

It  should  be  noted  that  throughout  the  Mean  Preference  Atmosphere 
the  same  formula  (appropriate  to  a  latitude  of  30° }  has  been  used  for 
the  acceleration  due  to  gravity. 

This  atmosphere  contains  temperature,  density,  pressure,  densi¬ 
ty  and  pressure  scale  heights,  mean  molecular  weight,  densities  of 
major  constituents,  and  total  number  densities. 

The  reasons  for  providing  a  Mean  Reference  Atmosphere  are  two¬ 
fold: 

(1)  For  many  computations  it  is  unnecessary  tc  include  a  variety 
of  atmospheric  conditions  and  it  is  sufficient  and  economical 
to  use  a  single  typical  model  of  the  atmosphere. 
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(2)  The  respective  low  and  high  altitude  models  of  the  Reference 
Atmospheres  are  functions  of  different  parameters  and  do  not 
match  at  110  km.  Thus,  if  computations  are  to  span  this  al¬ 
titude  it  will,  in  general,  be  most  satisfactory  to  use  the  mean 
model. 


2.  MODEL  BETWEEN  25  AND  75  km 

The  data  used  to  develop  this  model  were  the  annual  mean  pres¬ 
sure  value  at  25  km  at  30°  latitude  and.  the  annual  mean  temperature 
values  at  30°  latitude  at  5  km  intervals:  starting  at  25  km  derived 
from  Groves  [l].  The  actual  values  are  as  follows: 

Pressure  at  25  km:  2.483  x  10  newtons/m2 


Altitude  (km) 

25 

30 

35 

40 

45 

50 

Temperature  (K) 

221.  7 

230.  7 

241.  5 

2.65.  3 

267.  7 

271. 6 

Altitude  (km) 

55 

60 

66 

70 

76 

Temperature  (K) 

263.  9 

249.  3 

232.  7 

216.  2 

205.  0 

Starting  at  25 

km  the  atmospheric 

properties  were 

computed 

using 

the  following  equations,  Simpson's  Rule  was  used  to  integrate  numeri 
cally  the  pressure  equation: 


P  =  Pj  exp 


gdz/TM 


(1) 


where: 


P 

Mf 

R 

g 

T 


M 


M 


pressure  at  reference  altitude  Zy 
pressure  at  altitude  z 

sea  level  value  of  mean  molecular  weight  =  28,  96 
universal  gas  constant  =  8.  31432  x  10^  ergs  gmole 
acceleration  due  to  gravity 
molecular- scale  temperature 
M 

T?t  •  (2) 
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where  M  =  mean  molecular  weight 
T  =  kinetic  temperature. 

The  total  density  was  calculated  from  the  relation: 


PM0 


The  pressure  scale  height  was  calculated  from: 


RT  RTM 
P  =  Mg  =  Mog 


(3) 


(4) 


As  the  aim  of  the  computations  was  to  derive  a  model  for  the  al¬ 
titude  region  25  to  500  km  using  a  single  expression  for  the  accelera¬ 
tion  due  to  gravity  the  expressions  used  respectively  for  the  low  and 
high  altitude  models  were  investigated.  Unfortunately,  neither  for¬ 
mula  was  adequate.  The  formula  used  by  Groves  was  the  same  as  in 
CIRA  1965  and  was  sufficient  in  all  respects  except  that  its  accuracy 
at  high  altitudes  was  not  acceptable.  The  error  was  1  in  10^  at  200 
km,  4  in  10^  at  300  km.  and  increased  rapidh  with  altitude.  On  the 
other  hand,  the  expression  used  by  Jacchia  [?.]  is  valid  only  for  a 
latitude  near  45°  {4  5°  32 '33").  The  problem  was  solved  by  adding 
another  term  to  the  expression  used  in  CIRA  1965.  The  basic  ex¬ 
pression  due  to  Lambert  [3]  intrudes  dependence  on  latitude  0: 


g  =  g0  -  (3.  085462  x  10'6  +  2.  27  x  10' 9  cos  20)z 

It  -  1 5  7 

T  {7.  254  x  10'  t  1.0x10  cos  av/jz" 

-  (1.  517  x  10' 19  +  6  x  10' 22  cos  20)z3  m/sec2 


(5) 


where  z  is  in  meters. 

The  form  applicable  to  30°  latitude  is 

g  =  9.  79324  -  3.  086597  x  10'6  z  +  7.259  x  10' 13  z2 
-  1.  520  x  10  zJ  m/sec 


(6) 
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3.  MODEL  BETWEEN  75  AND  120  km 

The  model  in  this  region  has  to  provide  a  transition  between  the 
low  altitude  model  based  on  Groves'  data  [l]  and  Jacchia's  high  al¬ 
titude  models  [2].  Jacchia's  models  start  at  90  km  and  Groves' 
models  extend  to  110  km  and  they  are  not  only  different  but  they  are 
functions  of  different  parameters.  Obviously  a  compromise  must  be 
devised. 

As  a  starting  point  a  temperature  profile  had  to  be  chosen.  As 
inputs  for  this  it  is  interesting  to  compare  the  values  from  several 
models  given  below: 

Temperature  (T^f  K) 

Altitude  USStdAtm  CIRA  i965  Groves*  Jacchia+ 


80 

180.  65 

186.  0 

197.  3 

- 

90 

180.  65 

186.  0 

189.  0 

183.  8 

100 

210.  65 

213.  0 

215.  1 

203.  5 

110 

260. 65 

263.  0 

284.  0 

265.  5 

120 

360.65 

380.  7 

_ 

380.  6 

❖Average  annual  values  for  30°  latitude  converted  from 
kinetic  temperatures  using  the  values  of  M  in 
reference  [ 1 ] . 

+  Average  values  for  45°  latitude  from  model  with  1000  K 
exospheric  temperature  using  the  values  of  M  in 
reference  [2]  to  convert  the  kinetic  temperatures. 


Two  points  should  b 2  not 2  d «  One.  is  th~t  Groves1  temperature  ^ t 
SO  km  is  substantially  higher  than  that  in  other  models.  The  second 
is  the  differences  between  the  temperatures  of  the  Groves  and  Jacchia 
models.  A  further  constraint  on  the  temperature  profile  used  in  this 
altitude  region  is  that  it  must  yield  a  specified  density  value  at  120km. 
The  values  determined  for  the  molecular- scale  temperature  (Tulare: 

Altitude  (km)  80  90  100  110  120 

Temperature  (Tj^,  K)  195.  G  183;  8  203.5  265.5  380.6 

The  adjustments  in  the  temperature  profile  were  made  between  75 
and  90  km. 
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Composition  was  calculated  for  this  region  by  J,  D.  George  using 
the  techniques  of  George,  Zimmerman,  and  Keneshea  [4],  which  in¬ 
clude  the  effects  of  chemistry  and  atmospheric  dynamics. 


The  equations  used  are  a  system  of  mass  and  momentum  conser¬ 
vation  equations  given  below  for  the  i‘th  species: 


anA 

-  =  F-  -  n.R. - 

at  1  1  1  az  az 


(7) 


-kT  /  1  8ni  1  aT  ,  1  \ 
mj  l  n.  az  T  T  dz  ‘  H.  j 


lN,  ]  C.u. 

2  ii 


(8) 


where: 


n. 

i 

u. 

l 


V. 

i 

u 


t 


z 

F. 

l 

n.R. 
i  i 

k 

m . 
l 

Ii. 

l 

n. [N  JC. 

l  2  i 


the  concentration  of  the  i't.h  species 
the  mean  velocity  of  the  i'th  species 


the  diffusion  velocity  of  the  i'th  species 

the  mean  mass  velocity 

time 

altitude 

chemical  formation  rate  of  the  i'th  species 

chemical  removal  rate  of  the  i'th  species 

Boltzmann  constant 

mass  of  the  i'th  species 

scale  height  of  the  i'th  species 

is  proportional  to  the  frequency  of  collisions 
between  Nj>  and  the  i'th  species. 


<p-  is  the  turbulent  mixing  flux  for  the  i'th  species  given  by: 


_L  iZ 

t  az 


(9) 
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where  Kt  is  the  turbulent  diffusion  coefficient  and  H  is  the  scale 
t  m 

height  of  a  specie?  with  the  mean  mass. 

At  the  lower  boundary  at  75  km  N£,  Ch,,  Ar,  and  He  were  assumed 
to  have  the  same  mixing  ratio  as  at  ground  level  taken  from  the  U.  S. 
Standard  Atmosphere,  1962.  At  this  boundary  the  species  Oand  O3 
were  chemically  determined  by: 


Sn. 

1 

at 


f. 


niRi 


(10) 


Although  not  printed  in  the  table s  the  following  species  were  in¬ 
cluded  in  the  computations  and  their  densities  determined:  H2O 
(ground  level  mixing  ratio  at  75  km),  OH,  H,  H£,  HC^,  and 
(chemically  determined  at  75  km). 


The  mean  velocity  (u^)  was  assumed  to  be  zero  for  all  species  at 
the  upper  boundary  at  120  km.  The  turbulent  flux  for  all  species  is 
also  zero  at  that  altitude  since  the  assumed  turbulent  diffusion  coef¬ 
ficient  Kt  is  zero  above  the  turbopause  at  100  km.  The  concentra¬ 
tions  of  N£»  0~,  O,  Ar,  and  He  were  fixed  at  the  upper  boundary  at 
the  values  for  the  high  altitude  portion  of  the  model.  The  remaining 
species  were  assumed  to  be  in  diffusive  equilibrium. 


Since  a  diurnally  varying  solar  flux  was  used  with  equations  (7), 
(8),  and  (9)  periodic  solutions  are  obtained.  The  solution  was  con¬ 
tinued  for  32  problem  days  for  a  latitude  of  30°  N  using  a  fixed  de¬ 
clination  angle  (0°  or  equinox)  resulting  in  a  periodically  varying 
zenith  angle.  The  choice  of  32  days  was  arbitrary  but  did  result  in 
adequate  accuracy.  The  variation  in  the  densities  of  all  species  was 


1  ..  *.1.-..  - . »  _ it. _ _ j  £ _ _ - r  j .  01  *. _ _ _ _ 

ittoa  Li  let  U  '  me  ^au  pci  UlUU  cxiujt  u  uiu  jivsl'ia  Wi  v*c*  y  -/  a  tu  wetun  cy*  j 

32,  The  mean  profiles  presented  here  were  obtained  by  averaging 
over  the  final  24  hours  at  15-minute  intervals.  One  of  the  constraints 
of  the  solution  was  to  maintain  a  fixed  molecular  scale  temperature 
profile.  The  kinetic  temperature  profile  was  derived  using  the  solu¬ 
tion  mean  molecular  weight.  The  kinetic  temperatures  were  used  to 
compute  the  N£  concentrations  in  the  diffusive  equilibrium  region 
from  101  to  120  km.  A  transition  from  diffus  ve  equilibrium  at  101 
km  to  mixing  at  99  km  was  made  using  a  cubic  to  represent  log^tN^j. 
Below  99  km,  the  mixing  region  for  N£,  the  initial  profile  was 
not  changed. 
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In  performing  the  computations  the  variation  with  temperature  of 
the  reaction  rate  constants  was  included,  as  well  as  the  effects 
of  absorption  by  the  02  and  O-j  column  densities  on  the  dissociation 
rates  by  solar  ultraviolet  radiation.  Tlie  finite  difference  analogues 
used  are  essentially  those  given  by  Shimazaki  [5]  with  modifications 
as  cited  by  George,  Zimmerman,  and  Keneshea  [4],  However,  the 
technique  used  is  modified  in  that  the  equations  are  treated  as  fully 
implicit  throughout  the  solution.  This  approach  should  preserve  the 
cc  .servation  of  atoms  within  the  solution  altitude  region  {7  5  to  120 
km)  with  the  exception  of  the  loss  of  atoms  through  the  lower  boun¬ 
dary. 


4.  MODEL  ABOVE  120  km 

The  exospheric  temperature  was  calculated  to  correspond  to 
average  diurnal,  seasonal,  semi-annual,  and  geomagnetic  conditions 
for  30°  latitude  and  a  solar  flux  of  145  x  10'^  W/m^/Hz.  The  re¬ 
sultant  exospheric  temperature  is  1000  K. 


Jacchia's  models  were  recomputed  from  90  km  upwards  using  the 
expression  for  g  given  in  equation  {6).  This  results  in  a  change  in 
the  total  density  and  number  densities  of  the  constituents  at  higher 
altitudes.  The  densities  were  then  changed  {at  all  altitudes)  so  that 
at  120  km  they  matched  the  density  computed  for  the  intermediate 
altitude  model.  These  densities  are  vc  close  to  those  of  the  1000  K 
Jacchia  model  at  120  km  as  shown  immediately  below,  but  are  slight¬ 
ly  different  at  other  altitudes. 


Altitude  {km} 
120 

Log  [0]{m"'J) 
17. 1532 


Temp  (K)  Log  [N2](m~3)  Log  [Ozl{m'3) 
334.  5  17.  5789  16.  7338 


LogrAr](m'^)  Log  [He ](m"  ■*) 


M 


15. 1732 


13.  5376 


25.  45 


Density  {kgm*  ^) 
2.  438  x  ID"8 


Above  the  turbopause  (assumed  to  be  at  100  km)  the  number  den¬ 
sities  of  each  individual  species  n^  were  computed  by  integrating  the 
equation  for  diffusive  equilibrium: 
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n. 

1 


M.g 

RT 


dz  -  { 1  +  O'. ) 
'  l 


dT 

T 


(H) 


where  ft-  is  the  thermal  diffusion  coefficient  taken  to  be  -0.  33  for 
helium  and  zero  for  other  constituents. 


5.  MEAN  REFERENCE  ATMOSPHERE 

The  properties  of  the  Mean  Reference  Atmosphere  are  presented 
in  Tables  1-4.  Table  1  contains  values  of  molecular  scale  tempera¬ 
ture,  density,  log  density,  pressure,  log  pressure,  number  density, 
pressure  scale  height,  and  acceleration  due  to  gravity  over  the  alti¬ 
tude  range  25  to  120  km.*  Table  2  contains  values  of  kinetic  tempera¬ 
ture,  mean  moleculai  weight,  and  log  number  densities  of  NZ.  °2- 
O,  Ar.  He,  and  O3  over  the  altitude  range  75  to  120  km.  Densities 
of  O  and  O3  are  not  presented  below  80  km  because  at  these  altitudes 
their  diurnal  variation  is  so  large  that  average  values  would  have 
little  significance.  The  O3  densities  presented  are  for  noon.  In 
Table  3  are  given  molecular  scale  temperature,  density,  log  density, 
pressure,  log  pressure,  pressure  scale  height,  and  acceleration  due 
to  gravity  for  the  altitude  range  .120  to  500  km.  Table  4  contains  the 
corresponding  values  of  kinetic  temperature,  mean  molecular  weight, 
number  density,  and  log  number  densities  of  N2.  C^,  O,  Ar,  and  He 
for  the  altitudes  120  to  500  km. 

The  properties  of  the  Mean  Reference  Atmosphere  are  illustrated 
in  Figures  1-7.  Figure  1  shows  the  pressure  scale  height  as  a  func¬ 
tion  of  altitude.  Figure  2  shows  the  kinetic  temperature  (T)  and  the 
molecular- scale  temperature  (Tm).  Figure  3  contains  the  kinetic 


*The  Mean  C1RA  has  been  developed  for  the  altitude  range  25  to  500 
km.  At  25  km  the  Mean  CIRA  values  are  almost  identical  with 
those  of  the  US  Standard  Atmosphere  Supplements,  1966  midlatitude 
spring /fall  model.  Thus  the  values  in  Table  1  can  be  extended  to 
ground  level  by  using  the  numbers  in  Table  5.  1,  page  119  of  the 
Supplements.  If  an  exact  match  is  required  for  a  given  parameter, 
e.g.  ,  temperature,  density,  or  pressure,  then  the  Mean  CIRA  25- 
km  value  can  be  matched  to  the  Supplement  value  slightly  above 
25  km  (25.  15  km  for  temperature)  and  then  the  Supplement  altitude 
values  scaled  accordingly.  Physicaily  this  can  be  justified  because 
different  g  values  were  used  in  developing  the  two  models  (45JN 
and  30° N  values  for  the  Supplement  and  the  Mean  CIRA.,  respectively). 
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temperature  of  the  mean  atmosphere  plus  curves  indicating  low  ex¬ 
treme  and  high  extreme  temperatures  whose  frequency  of  occurrence 
is  one  per  cent  or  less.  The  extreme  curves  attain  exospheric  tem¬ 
peratures  of  550  and  1900  K,  respectively.  The  pressure  curve  for 
the  Mean  Atmosphere  is  shown  in  Figure  4.  Low  extreme,  high  ex¬ 
treme  and  mean  density  values  are  plotted  in  Figure  5.  Above  180 
km  these  curves  correspond  to  the  temperature  profiles  in  Figure  3. 
The  mean  molecular  weights  for  the  mean  atmosphere  are  plotted  in 
Figure  6.  The  corresponding  number  densities  of  N£,  O^,  O,  O3,  Ar, 
He,  and  H  are  shown  in  Figure  7. 

To  illustrate  very  large  seasonal  variations,  Figure  8  contains  the 
mean  June- July  temperature  profile  for  80°  N  and  Figure  9  the  mean 
December- January  temperature  profile  for  the  same  location.  These 
profiles  are  based  primarily  on  data  from  Heiss  Island  and  are  from 
Reference [6 ] .  At  50  km  the  temperatures  range  from  279  K  in  sum¬ 
mer  to  247  K  in  winter,  compared  with  the  mean  reference  value  of 
271.  6  K.  At  80  km  they  range  from  177  K  in  summer  to  218  K  in 
winter,  compared  with  the  reference  value  of  195  K, 

Figure  10  contains  the  mean  CIRA  temperatures,  median  warm 
temperatures  and  those  exceeded  10%  and  1%  of  the  time  and,  simi¬ 
larly,  median  cold  temperatures  and  those  above  which  90%  and  99%, 
ref  ctively,  of  the  temperatures  tie.  The  extreme  temperaiure 
profiles  are  a  revised  version  of  those  in  Reference  [7l.  The  cor¬ 
responding  density  curves  are  shown  in  Figure  11.  In  general,  the 
mean  atmosphere  values  are  in  excellent  agreement  with  the  other 
curves. 
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Table  2.  Kinetic  temperature  and  composition  or  the  Mean  Reference  Atmosphere,  75  to  120  km 
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Table  4.  Kinetic  tempe-ature  and  composition  of  the  Mean  Reference  Atmosphere,  120  to  500  km. 
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CHAPTER  2 


PRESSURE  SCALE  HEIGHT  (km) 

Figure  1 .  Pressure  scole  heights  of  the  mean  CIRA  atmosphere. 


Figure  2.  Kinetic  temperatures  (T)  and  maiecul  or -scale 
temperatures  (T^)  of  the  mean  atmosphere . 
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Figure  3.  Mean  CIRA  temperatures  and  extreme  and  high 
extreme  temperatures. 


PRESSURE  (nawions/rrO 

Figure  4.  Pressure  curve  of  the  mean  atmosphere,  from  25  to  500  km. 
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Figure  7. 
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Total  number  densities  and  densities  at  N2/  C>2,  O,  O3 
Ar,  He,  and  H . 


TEMPERATURE  (K) 

Figure  8.  Mean  June-July  temperature  profile  for  80°N. 
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TEMTEftATUftE  (1C) 

Figure  9,  Mean  December- January  temperature  profile  far  80°  N. 


COLO  TEMPERATURES  WARM  TEMPERATURES 


Figure  10.  Mean  CiRA  temperatures,  temperatures  which  are  exceeded 
50,  10,  and  1%  af  the  time  durirg  warmest  months  and 
temperatures  exceeded  50,  90,  and  99%  of  the  time  during 
coldest  months  at  latitudes  between  0°  and  80°  N. 
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exceeded  50,  90,  and  99%  of  fhe  time  during  months  with 
lowest  densities  at  latitudes  between  0°  and  80° N, 


APPENDIX  A 


B  Designation  in  Figure  16-2,  for  work  of  Bardsley,  Reference 

(coat'd)  16-28  (16). 

T  ower  of  the  pre-exponential  thermal  dependence,  a  charac¬ 
teristic  term  of  the  rate- constant  function  (19). 

Magnetic  field  strength  (21). 

Indexing  use:  target  species  (15). 

BH  Designation  for  Birge -Hopfield  system  (9). 

Bq  Comparison  real  function  plotted  in  Figure  2  1- 2,  from 

Reference  21-2,  assuming  j=0  and  U(f)  =  UQ  (21). 

B8iT  Designation  in  Figure  20-6,  for  work  of  Bauer  and  Tsang, 
Reference  20-143  (20). 

B?  Real  function  plotted  in  Figure  21-2,  from  Equation  21-5 

(21). 

b  Power  of  the  pre-exponential  thermal  dependence,  a  charac¬ 

teristic  term  of  the  rate-constant  function  (6,  16,  19,  24). 

Parameter  defined  in  Equation  15-10  (15). 

Impact  parameter  \15). 

Indexing  uses:  bound  state  of  species  (8). 

trajectory  point  (15), 
impact  parameter  (15). 

colliding  species  in  the  Firsov  model  (15). 
magnetic  field  (21). 

b  Interaction  or  capture  radius  (15). 

|bj|^  Capture  probability  (15). 

buoy  Indexing  use  only;  buoyancy  subrange  (3). 

bj  Cut-off  radius  (15). 

C  Designation  for  unspecified  chemical  species  (6,  19,  20). 

Linear  slope  in  a  Boltzmarn  system  (6). 

Designation  in  Table  9-5,  for  chemical  association  process 
(9). 
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C  Designation  in  Table  15-2,  for  fast-particle  detection(15), 

(cont  d)  £onstant  2:3.49  the  Thomas  theory  (15). 

Least- squares  fit  constant  (16). 

C.  Collision  proportionality  constant  for  species  "i"  (2). 

C  (X)  Integral  anction  of  X  used  in  Equation  21-5  and  explained 
^  and  tabulated  in  Reference  21-28  (21). 

c  Speed  of  sound  (3). 

Speed  of  light  (4,  7,  11). 

Activation  temperature  of  chemical  reaction,  a  characteris¬ 
tic  term  of  the  rate-constant  function  (6,  19,  24). 

Indexing  uses:  chemical  change  (3). 

chemical  energy  (3). 
cyclotron  (7) . 
cone  (7). 
collisional  (20). 

c  Mean  thermal  speed  (3). 

c.  Mean  thermal  speed  of  species  "j"  (3). 

cq  Speed  of  sound  in  unperturbed  medium  (3). 

col  Indexing  use  only;  column  (11), 

crit  Indexing  use  only;  critical  value  (3). 

Cv  Specific  heat  at  constant  volume  per  unit  mass  (3). 

I.  .  .12  ..  .. 

C(p)  =|Djt+=°)j  (1SJ. 

D  Effective  diffusion  coefficient  (3). 

Dissociation  energy  (4). 

Distance  from  nuclear  burst  measured  along  surface  of 
earth  (5). 

Designation  for  unspecified  chemical  species  (6). 

Designation  in  Table  15-2,  for  slow -particle  detection  ( 1 5). 
Least- squares  fit  constant  (16). 
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Ey.  Activation  energy  for  collisional  excitation  (X-*A)  reactio.-i 

(20). 

Ej  =  MR  (E^/ 13.  6p  ,  in  the  method  of  Fleischmann,  Dehmel, 

and  Lee  (15). 

Kinetic  energy  of  incident  ion  before  collision  (15). 

E^  Kinetic  energy  of  incident  ion  after  collision  ( 1 5). 

e  Ionic  or  electronic  charge  (7,  11,  15,  21). 

Designation  in  Table  9-5,  for  photoelectron  process  (9). 

Indexing  uses:  energy  equation  (3). 

electron  (4,  5,  7,  8,  11,  16,  20,  21,  22,  24). 

electronic  transition  (11). 

bound  electron  ( 1  5). 

electron  acting  as  third  body  (16). 

eddy  Indexing  use  only;  eddy  (3). 

eff  Indexing  use  only;  effective  (9,  15). 

ex  Indexing  use  only;  excitation  (4,  11). 

F  Solar  flux  at  10.  7- cm  wavelength  (5). 

Designation  in  Table  9-5,  for  fluorescence  process  (9). 

Free  energy  (10). 

Fraction  of  optically  active  molecules  under  irradiation, 
which  are  radiatively  excited  per  second  (11). 

Designation  on  Page  18A-8.  of  work  of  Ferguson,  from 
Reference  18A-9  (18A). 

Designation  on  Page  18A-9,  of  work  of  Fehsenield  et  al, 
from  Reference  18A-40  (18A). 

F  Mean  solar  flux  (2). 

F  Total  external  force  per  unit  mass  (3). 

F1  Miscellaneous  external  forces  a<  on  atmosphere  (3). 

Fa  External  force  per  unit  mass  on  species  "a"  (3). 

Fj  Chemical  formation  rate  of  species  "i"  (2). 
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F(k)  Turbulent  power  spectrum,  in  wavenumber  space  (3). 

F(k)„  F(k)  in  the  inertial  subrange,  according  to  Kolmogoroff' s 

Law  (3). 

f  Oscillator  strength  or  "{-number"  of  transition  (11). 

Range  of  reciprocal  electron  densities  over  which  a  linear 
variation  with  time  is  obtained,  to  within  one  percent  (lb). 

Indexing  uses:  fluorescence  (11). 
final  (11). 

f  Resonant  frequency  (7). 

f  Fraction  of  collisions  having  relative  velocities  between  v 

and  v  +  dv  (6). 

f(X)  Fractional  atmospheric  concentration  of  species  "X"  (41. 

f(e)  Electron  energy  distribution  function  (21), 

G  Fractional  energy  loss  per  collision  (21). 

G(£,  t)  Probability  for  separation  di:;tance"2"  between  two  parti¬ 
cles  (.3). 

GS  Designation  in  Figure  16-2,  cf  work  of  Gunton  and  Shaw, 

from  Reference  16-7  (16). 

g  Gravitational  acceleration  (2,  4). 

Production  rate  factor  (9). 

Statistical  weight  (11). 

Indexing  use:  gas-kinetic  (21). 

g  Gravitational  force  per  unit  mass  (3). 

gas  Indexing  use  only;  gas-kinetic  (16). 

g  Statistical  weight  of  ionic  ground  state  (11). 

g  Statistical  weight  of  a  recombining  level  "nf"  (11). 


A -8 


rftvi|tor>  No.1,  Noytmhtr  1972 


APPENDIX  A 


P  ( V )  Statistical  weight  of  a  recombining  level  in  a  hydrogenic 

species  (11). 


g(X)  Electronic  statistical  weight  of  species  "X"  (4). 

g(y)  Firsov  model  parameter  =  *  -  lj  (15). 

H  Atmospheric  scale  height  (3). 

Magnetic  field  (7). 

Scale  height  of  atomic  oxygen  (9). 

Enthalpy  (10,  17,  19). 

Total  Hamiltonian  (15). 

Designation  in  Figure  16-1,  of  work  of  Hagen,  from  Refer¬ 
ence  16-22  ( 16). 

Designation  on  Page  18A-9,  of  work  of  Howard  et  al,  from 
Reference  18A-12  (18A). 

Scale  height  (20). 

Indexing  use:  hydrogen  atom  (15). 

Ha  Designation  in  Figure  16-1,  of  work  of  Hackam,  from 

Reference  16-19(16). 

HCE  Designation  for  Handbook  Commiti.ee  Estimate  (24). 

Scale  height  of  species  "i"  (2), 

Hm  Scale  height  of  species  having  mean  mass  (2). 

Hp  P™s  sure  scale  height  (2). 

H(X)  Scale  height  of  species  "X1'  (4). 
h  Planck  constant  (3,  4,  6,  7,  11,  17,  19,  20,  24). 

Altitude  (4,  5). 

Indexing  use:  altitude  (4). 

£  Modified  Planck  constant,  h/2ir(ll,  15). 


h.. 

1 1 

,(0,.  vbV 

hiJ 

2  VaV 
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h.. 

J1 

*'V 

Vi> 

hP 

5  <*r 

Vj> 

FT."1 

A  measure 

(15). 


3-67a  (3). 


Turbopause  ai*itude  (4). 

Indexing  use:  turbopause  altitude  (4). 


horiz  Indexing  use  only;  horizontal  (3). 

h  Quenching  height  (9). 

I  Ionization  potential  (4,  15). 

Photon  flux  after  transmission  (7). 

Intensity  of  indicated  radiation  (9). 

Geomagnetic  dip  angle  (9). 

Designation  in  Table  9-5,  of  ionic  reaction  process  (9). 

lco^  Line-of- sight  column  emission  rate  =  line  integral  of  Ivqj 

(11). 


ICR  Designation  for  ion  Cyclotron  Resonance  (7). 

IGY  Designation  for  International  Geophysical  Year  (9). 

I^j  Ionization  potential  (13.  6  eV)  of  ground- state  hydrogen 

atom  (  1  5). 

Irn  Designation  for  imaginary  portion  of  function  (21). 

lmAK^  Imaginary  portion  of  AK^  .  in  the  low-frequency  limit  (21). 
I  Photon  flux  before  transmission  (7). 

ic(X)  Incident  light  intensity  (12). 

IP  Ionization  potential  ( 1 8A). 

1R  Infrared. 
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Kt 

K1 


K 


01 


K 


10 


K. 


k 

'"■w 

k 


k. 


kin 

k.(z) 

kM 

kn 


Turbulent  diffusion  coefficient  (2). 


Collisional  rate  (11). 

Collisional  excitation  rate  (11). 
Collisional  deexcitation  rate  (11). 


Thermal  conductivity  coefficient  (3). 

Degree  of  ionization  of  plasma  (3). 

Wavenumber  (3). 

Boltzmann  constant  (2,  4,  11,  20,  21). 

Rate  constant  or  rate-constant  function,  of  chemical  reaction, 
the  forward  direction  as  written  (6,  11,  ISA,  19,  20,  24). 

Total  absorption  coefficient  (7). 

Rate  coefficient  of  ion-molecule  reaction  (8). 

Total  three-body  recombination  rate  coefficient  (16). 

Indexing  use:  kinetic  (4). 

Wavenumber  vector  (3). 

Upper  limit  of  wavenumber  for  buoyancy  subrange  (3). 


Photoionization  coefficient  (7). 

Rate  constant  for  inelastic  scattering  from  species  "i"  (20), 


Rate  coefficient  for  Thomson  recombination,  three-body 


neulr <tl- molecule  -  stabilized,  positi". 


recombination  (16). 


Indexing  use  only;  kinetic  (11). 

First-order  rate  constant  for  photoionization  of  species 
"j",  at  altitude  "z”  (13). 

Rate  constant  for  quenching  reaction  where  'M"  is  the 
quenchant  (20). 

Reactive  collision  frequency  (20). 
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k(NO  )  Rate  coefficient  for  NO'  production  ( 1 3). 

k  *2ff/L  (3). 


Rate  constant  for  reverse  reaction  (18A). 


k(v) 


Rate  constant  for  a  system  having  Maxwellian  distribution 
(6,  14). 

Absorption  coefficient  (12). 

Rate  constant  for  formation  of  vibrationally  excited  species 
in  level  "v"  (11). 


>  Wavenumber  directional  components  (3). 


‘10 


‘3e 


‘3r 


* 

L 


4ir/Ly  =  (cvlvi)llA  (3). 

Rate  constant  fur  deactivation  of  first  vibrational  level  (20). 

Three-body  recombination  rate  coefficient  with  electron  as 
third  body  (16). 

Three-body  recombination  rate  coefficient  with  neutral 
species  as  third  body  (16). 

Three-body  recombination  rate  coefficient  (16). 

Rate  constant  at  300  K  (24). 

Rate  constant  or  rate- constant  function  of  chemical  reac¬ 
tion,  in  the  reverse  direction  as  written  (6). 

Boltzmann  constant  (  3,  6). 

Designation  for  Lyman  radiation  (5). 

Optical  pathlength  (13). 


LBH  Designation  for  Lyman- Birge-Hopfield  system  (9). 
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j 


Inelastic  cross-section  for  low-energy  electron  in  gas  (31). 

Hale  of  process  "j"  leading  to  electron  loss  (16). 

A  measure  of  the  effect  of  wind  shear  in  turbulence,  in 
Equation  3-67b  (3). 

Energy  loss  function  for  the  jth  vibrational  level  (21). 

Length  scale  of  large  (turbulent)  disturbances  (3), 

Designation  in  Figure  16-2,  of  work  of  Lin  and  Teare,  from 
Reference  16-27  (16). 

Designation  for  Local  Thermodynamic  Equilibrium  (4,  11), 

Designation  for  Lyman  radiation  (12). 

Energy  loss  function  (21). 

Length  scale  of  the  smallest  of  eddies  (3). 

Rate  of  electron  loss  via  two -body  electron-ion  recombina¬ 
tion  ( 1 6). 

Rate  of  electron  loss  via  three-body  electron-ion  recom¬ 
bination  (16). 

Distance  (3). 

Charged  rearrangement  rate  constant  for  negative  ions  (9). 
Light  path  1 12). 

Gas-kinetic  mean  free  pa;h  (3). 

Mean  molecular  weight  (2). 

Gram  molecular  weight  (.»). 

Reduced  molecular  weight  (t>). 

Designation  for  third  body  or  collisionaf  partner  (6,  io,  17, 
1  HA,  19,  20,  24). 

Reduced  mass  of  ion-molecule  reaction  pair  (&). 


No  ], 
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M  Projectile  mass,  in  the  method  of  Fleischmann,  Dehmel, 

(cont'd)  and  Lee  (15). 

Designation  for  unspecified  chemical  species  (17,  18A,  20). 
Number  of  density  of  collision  partner  (20). 

Mass  number  (21). 

Indexing  use:  molecular- scale  (2). 

MB  Designation  in  Figures  16-1  and  16-3,  of  work  of  Mehr  and 
Biondi,  from  Reference  16-21  (16). 

Me  Designation  for  unspecified  metallic  species  (11). 

M.  Molecular  weight  of  species  "i"  (2). 

Mass  number  for  an  ionic  species  (21). 

Reduced  mass  of  ion  +  neutral  pair  (21). 

Mq  Sea-level  mean  atmospheric  molecular  weight  ~  28.96  (2). 

M(X)  Mass  of  species  "X"  (4). 

m  Mean  mass  of  an  nair  molecule"  (3). 

Unspecified  function  of  altitude,  time  of  day,  and  sunspot 
cycle  (5). 

Ionic  mass  (7,  15). 

Concentration  of  attaching  neutral  species  (9). 

Mass  of  electron  (21). 

Indexing  uses;  uiecui- tiids  s  (2). 

equation  of  motion  (3), 
combining  proportions  (6). 
molecular  (9). 

momentum-transfer  ( 1 ) ,  21). 
number  of  electrons  stripped  (15). 

m  Molecular  mass  of  species  "a"  (3). 

a 

m  Mas3  of  average  "air  molecule"  (3), 

av 

max  Indexing  use  only;  maximum  (11). 
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m  Mass  of  electron  (4,  11). 

e 

Mass  of  bound  electron  on  target  atom  (15). 

rm  Mass  of  species  "i”  (2). 

m.  Molecular  mass  of  species  "j"  (3). 

mn  Indexing  use  only;  mutual  neutralization  (16). 

mol  Indexing  use  only;  molecular  (3). 

m^  Mass  of  incident  ion  (15). 

N  Designation  for  north  latitude  (2). 

Number  of  observations  (3). 

Brunt -V3.is&ia.  frequency  (3). 

Electron  concentration  (9). 

Number  of  collisions  per  second  per  molecule  at  altitude  (11). 
Total  number  of  optically  active  molecules  under  irradiation  (11). 
Designation  for  unspecified  chemical  species  (16). 

Molecular  density  (21). 

Indexing  use:  neutral  product  (12). 

N  ,  Column  density  of  molecules  under  radiative  excitation  ( 1 1 ). 
col 

NED  Designation  for  No  Experimental  Data  (24)t 

N^  Total  number  of  optically  active  molecules  under  irradia¬ 

tion  which  become  excited  (11). 

N.  Positive- ion  density  (21). 

[N.  Concentration  of  species  "j"  (13). 

+ 

N  Positive- ion  concentrUion  (9). 

4- 

N^  Density  of  atomic  ions  (9). 

+ 

N  Density  of  molecular  ions  (9). 

iru 
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N  Negative-ion  concentration  (9). 

n  Species  concentration  (3). 

Gas  density  (7). 

Concentration  of  detaching  neutral  species  (9). 

Level  of  hydrogenic  species  into  which  recombination  is 
taking  place  (11). 

Density  of  absorbing  gas  (12). 

-b  for  certain  recombination  reactions  (19). 

Electron  density  (21). 

Indexing  uses:  combining  proportions  (5,  6,  16,  1  1,  21,  24). 
level  of  hydrogenic  species  (11). 
final  charge  on  initially  neutral  target  species  (15). 
neutral  species  acting  as  third  body  (16). 
electron  noise  (21). 


n. 


(\(t)> 

<\<°>> 


n  (<*>) 
e 


eft 


n. 

i 


n  R. 
i  i 


n. 

J 


Number  density  of  target  species  (15). 

Electron  density  (4,  5,  7,  8,  11,  16,  22). 

Space-averaged  electron  density  at  time  "t"  (16). 

Space-averaged  electron  density  at  zero  lime  (16). 

Stationary  electron  density  long  after  ionizing  source  is 
turned  on  (16). 

Number  of  electrons  effectively  available  for  ionization  in 

* i —  —  *  —  -i.  -u  - c - :  — i  ^  ~  —  a 

uiu  utuv,  i  ciin.ii  oi  pi  ujcui  tc  m  >iiv.viiwu  vi 

Fleischmann,  Dehmel,  and  Lee  (15). 


Number  density  of  species  ”i"  (2,  20). 

Ion  density  (11). 

Chemical  removal  rate  of  species  "i"  (2). 
Number  density  of  species  "j  '  (3). 


Fluctuation  of  n.  (3). 


A-18 


fl*vinon  No  ),  Kovirobtr  1972 


APPENDIX  A 


Mean  value  of  nj  (3). 

A  particular  level  into  which  radiative  recombination  is 
taking  place  (11). 

Indexing  use:  level  into  which  radiative  recombination  is 
taking  place  (11). 

species  density  (24). 

Loschmidt  number  (7,  12). 

Density  of  stabilizing  agent  (16). 

Total  species  density  (4). 

Species  density  of  "X"  (4). 

Vertical  distribution  of  atomic-oxygen  concentration  (3). 
Vertical  distribution  of  molecular-oxygen  concentration  (3). 
Positive-ion  density  (16). 

Negative-ion  density  (16). 


o  Indexing  uses:  sea-level  (2). 

unperturbed-medium  (3). 
reference  (3). 
turbopause  (4). 
pre-magnetic  storm  (5). 
pre-transmission  (7). 
resonant  (7). 

Loschmidt  (7,  12). 
standard- state  (10). 
band -or  i  gin  (11). 
atomic  species  (11). 
incidence  (12). 

impact,  in  the  Firsov  model  ( 15). 
Bohr  (15,  21). 
collision-free  (20). 
frec-space  (21). 
energy- independent  (21). 
pre-integration  (21). 


No.|.  Nov*mb*r  |97j 


A-19 


DNA  1948H 


P 

P(b,  u) 

PCA 

P. 

1 

P 

P’ 


P 


pop 

•'  i 

Q 
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Designation  on  Page  18A-9,  of  v'ork  of  Puckett  and  Teagu 
from  Reference  18A-41  (18A). 

Probability  for  charge  transfer  on  collision  at  impact 
parameter  "b"  and  relative  velocity  "u"  (15). 

Designation  for  Polar  Cap  Absorption  (5,  9). 

Rate  of  process  "i"  leading  to  electron  production  (lb). 

Pressure  at  altitude  (2). 

Pressure  or  partial  pressure  (3,  8,  10,  20,  21). 

Indexing  uses:  pressure  (2). 

combining  proportions  (6). 
projectile  species  (15). 
plasma  (21). 

half-integer  spacing  (21). 

Pressure  for  small  perturbation  or  fluctuation  (3). 

Mean  pressure  (3). 

Partial  pressure  for  species  "a"  (3). 

Pressure  of  (20). 

Pressure  for  unperturbed  background  (3). 

Indfxing  use  only;  population  (4). 

Pressure  at  reference  altitude  (2). 

Diffusional  rate  (3). 

Characteristic  Q-number  of  a  resonant  cavity  (7). 
Partition  function  (11). 

Cross-section  ( 15). 

Capture  crcs  j- section  ( 1  5). 

Source  term  (21). 

Indexing  use:  quenching  (11). 
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Qm<*> 


n 

QR 

Qrot<X> 

Q 

v 

Qvib(X> 

Q(X) 


Q 


01 

10 


Net  rate  of  radiative  heat  absorption  by  species  ’’a"  (3). 

Net  rate  of  chemical  energy  evolution  per  unit  mass  (3). 
Source  term  for  election  momentum-transfer  collisions  (21). 
Specific  slow-ion  production  cross-section  (15). 

Net  rate  of  radiant  energy  absorption  per  unit  mass  (3). 
Rotational  partition  function  for  a  rigid  rotator  (4). 
Vibrational  partition  function  (11). 

Vibrational  partition  function  for  a  harmonic  oscillator  (4). 

Partition  function  of  (molecular  )species  "X"  (4). 

Ionization  cross-section  (ambiguous  term)  where  i  =  j  (15). 

Cross-section  for  collisional  charge  exchange  in  heavy- 
particle  collisions,  where  i=n+j  (15). 

Cross-section  for  collisional  charge  exchange  where  i  =  1 

(15). 


Q+  Total  slow  positive- charge  production  cross-section  (15). 

Q_  Electron  production  cross-section  (15). 

q  Ion-pair  production  rate  due  to  beta-particle  ionization  of 

air  (5). 

Electron  production  rate  (9). 

Bremsstrahlung  radiation  ( 1 1). 

Electron  source  function  (22). 

Indexing  use:  quenching  (9). 


q  Total  heat  flux  vector  (  3). 

q  Heat  flux  carried  by  species  "a"  (3). 

^  3. 
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qvV 


R 


Re 


ReAKi 

Ri 


R= 


Ro 

Ryd 


R 

R 


X|ie 


r 


"  Z  °0j  ^  CT01  at  low  energies  (15). 
j 

Franck- Condon  factor  for  electronic  transition  involving 
v=v'  in  excited  state  and  v=v"  in  ground  state  (11). 

Gas  constant  (2,  3,  19). 

Designation  in  Table  9-5,  for  resonance  scattering  orocess  (9). 

Interaction  distance,  in  the  method  of  Fleischmann,  Oehmel, 
and  Lee  (15). 

lnternuclear  separation  (15). 

Indexing  uses:  radiant  energy  (3). 

chemical  destruction  (11). 

Reynolds  number  (3). 

Designation  for  real  portion  of  function  (21), 

Real  portion  of  AK.,  in  the  low-frequency  limit  (21). 
Richardson  number  (  3). 

Chemical  removal  rate  constant  of  species  "i"  (2). 

Impact  parameter,  in  the  Firsov  model  (15). 

Indexing  use  only;  Rydberg  (11). 

lrradiance  incident  on  volume  element  (11). 

Solar  irradiance  upon  the  atmosphere  at  center  wavelength 
Xe  of  electronic  transition  ( 1 1 ). 

Radius  of  interaction  (15). 

Indexing  uses:  radiative  recombination  (8,  9). 
recombination  (16). 
reference  (16,  19). 
reverse  ( 1 8A). 

Position  vector  measured  from  earth  center  (3). 

Electron  position  vector,  with  respect  to  trajectory  mid¬ 
point  (15). 

Indexing  use:  trajectory  midpoint  electron  position  vector  (15). 
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TID  Designation  for  Traveling  Ionospheric  Disturbance  (3). 

T.  ^on-kinetic  temperature  (17). 

ion 

T.  Effective  temperature  of  species  "j"  (3). 

Tj  Fluctuation  of  Tj  (3). 

T.  Mean  value  of  T-  (3). 

J  1 

Kinetic  temperature  (4). 

Kinetic  temperature  (11). 

T,  ,  Molecular  -  scale  temperature  (2). 

M 

TM  Indexing  use  only;  normalization,  in  the  method  of  P'leisch- 
mann,  Dehmel,  and  Lee  (15). 

Tn  Electron  noise  "temperature1'  (21). 

TOP'  Designation  for  Time- of- Flight  (7). 

T  Population  temperature  (4). 

pop 

Tr  Reference  temperature  (16,  19). 

T  ,  Reference  temperature  (24). 

ref 

T  Rotational  temperature  (11). 

rot 

T  Translational  temDerature  (20). 

ir 

T  Vibrational  temperature  (4,  20,  24). 

T  Vibrational  temperature  (11,  18 A), 

vib 

T- V  Designation  for  translational- vibrational  energy  transfer 

(11). 

T+  Positive-ion  temperature  (16). 
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t 

) 


t  Time  (2,  3,  5,  11,  15,  16,  19,  20,  21). 

Indexing  uses:  turbulent  (2). 

threshold  (6). 
target  species  (15). 

th  Indexing  use  only;  thermal  (3). 

t  Initial  t:me  of  integration  (21). 

tot  Indexing  us 2  only;  total  (4). 

tr  Indexing  use  only;  translational  (20). 

Ufi  Potential  energy  of  bound  electron  (15). 

UHF  Designation  for  Ultra  High  Frequency  (7). 

UV  Designation  for  Ultraviolet. 

u  Speed  (3). 

5  2.  855  0/A  (11). 

Relative  velocity  (15). 

Radial  component  of  relative  velocity  on  collision,  in  the 
Firsov  model  (15). 

Indexing  uses:  relative  velocity  (15). 

energy  exchange  (21). 

—  - - .  .  .  1  ^  -  '  * . .  /  -M 

U  ivi can  uiaoo  vciuuuy  \^t* 

u  Velocity  vector  (3). 

u'  Velocity  vector  for  small  perturbation  or  fluctuation  (3). 

u  Mean  velocity  vector  (3). 

Velocity  vector  for  species  "a"  (3). 

u  Arhitrary  reference  velocity  (3). 

c 

u.  Mean  velocity  of  species  "iM  (2). 

Directional  components  of  velocity  (3). 

u.  Mean  directional  components  of  velocity  (3). 
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Ionizational  impact  velocity,  in  the  Firsov  model  (15). 
uv  Designation  for  ultraviolet. 

u^  Vertical  component  of  diffusion  velocity  of  atomic  oxygen  (3). 

u^  Vertical  component  of  diffusion  velocity  of  molecular 

oxygen  (3). 

V  Volume  (10). 

V  (r  )  Potential  centered  on  trajectory  point  (15). 

Vb(rb)  Potential  centered  on  trajectory  point  (15). 

V-  Diffusion  velocity  of  species  "i"  (2). 

VT  Designation  for  vibrational-translational  energy  transfer 

(20). 

V-T  Designation  for  vibrational-translational  energy  transfer 

(11). 

VV  Designation  for  vibrational- vibrational  energy  transfer 

(20,  24). 

V-V  Designation  for  vibrational- vibrational  energy  transfer  (11). 

v  Initial  velocity  (3). 

Relative  collisional  velocity  (6), 

Vibrational  level  or  quantum  number  (9,  11,  16,  20,  24). 
Velocity  (15,  21). 

Indexing  uses:  constant  volume  (3). 

viorational  (4,  11,  20,  24). 

v  Velocity  vector  (15). 

v  Velocity  vector  (15). 

v'  Vibrational  level  in  excited  electronic  state  fli). 

Vibrational  level  in  unspecified  electronic  state  (20). 
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v' v'  Indexing  use  only;  electronic  transition  involving  two  states 

for  which  v=  v'  and  v-  v",  respectively  (11). 

v"  Vibrational  level  in  ground  electronic  state  (11). 

Vibrational  level  in  unspecified  electronic  state  (20). 

v*'  Mean  number  of  vibrational  quanta  excited  in  ground  elec¬ 

tronic  state  through  fluorescence  (11). 

vfi  Velocitv  of  bound  electron  on  target  atom  (15). 

v'e  Parameter  defined  in  Equation  15*11  (15). 

vib  Indexing  use  only;  vibrational  (4,  11,  18 A). 

v  Maximum  vibrational  level  (11). 

max 

vol  Indexing  use  only;  volume  (11). 

Vj  Velocity  of  incident  ion  (15). 

vj  Parameter  defined  in  Equation  15-11  (15). 

W  Designation  for  west  (3). 

Designation  for  unspecified  chemical  species  (6,  10) 

WB  Designation  in  Figure  16-2,  for  work  of  ‘Weller  and  Biondi, 
from  Reference  16-24  (16). 

W  - 1\  ue  sig  iid-Liuii  iur  w  ay  SiCu'i  \  /f* 

w  Electron  drift  velocity  (21). 

X  Designation  for  unspecified  chemical  species  (6,  9,  10,  11, 

14,  16,  17,  24). 

Indexing  uses:  chemical  species  (4,  8,  14). 
functional  (21). 

[X]  Concentration  of  species  "x"  (11). 

X'  Indexing  use  only;  chemical  species  for  product  atom  which 

may  be  in  a  bound  excited  state  (8), 
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a 


0 


a 


lm 


c 


10 


Absorption  cross-section  for  at  zero  atmosphere  pres 
sure,  by  extrapolation  (Herzberg  continuum)  ( 1 Z) . 


at  low  energies  (15). 


Electron  stripping  cross-section  from  neutrals  (15). 


Absorption  cross-section  for  C?2  at  one  atmosphere  pres¬ 
sure  (Herzberg  continuum)  (12). 

Cross-section  for  stripping  "m"  electrons  in  N  up  -i 
impact  (15). 

in  the  low-energy  limit  (15). 


T  Time  for  onset  of  turbulent  dispersion  (3). 

Recovery  time  (9). 

Relaxation  time,  or  the  e-folding  time  of  c  (20). 


T  Effective  lifetime  for  col’isional  deexcitation  (20). 

c 

1\(AA)  Optical  depth  in  wavelength  x*ange  "AX"  for  species  "j"  (13). 

T  Collision-free  radiative  lifetime  of  excited  species  (20). 

o 

T(AA)  Optical  depth  in  wavelength  range  "AA"  (13). 

$  Rayleigh  dissipation  function  (3). 

$z(AA)  Local  photon  flux  in  the  wavelength  range  "AA"  at  altitude 
::z::  (13). 


*»(A  A)  Photon  flux  in  the  wavelength  range  "A  A"  at  the  top  of  the 
atmosphere  (13). 

(0^  Turbulent  mixing  flux  for  species  "i"  (2), 

0  Latitude  (2,  3). 

0^ra)  Bound-state  wavefunction  for  the  charge  state  "i'1  at  a 
trajectory  point  (15). 

Wavefunction  defined  in  Equation  15-18  (15). 
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0.(r^)  Bound-state  wavefunction  for  the  charge  state  "j"  at  a 
trajectory  point  (15). 

0.{r  ,  r)  Wavefunction  defined  in  Equation  15-19  (15). 

3  ~b  ~ 

ip  Total  wavefunction  (15). 

to  =  Olor  <*)±0)be  or  Ol±OJbi  (21). 

0  Angular  velocity  of  earth's  rotation  (3). 

01  Frequency  (3). 

Frequency  of  alternating  electric  field  (7). 

Angular  frequency  of  applied  electric  field  (21). 

*  S/2H  <3>- 

0)  b  Cyclotron  frequency  for  electrons  in  a  magnetic  field  (21). 

0Jb-  Cyclotron  frequency  for  ions  in  a  magnetic  field  (21). 

0)  c  Angular  or  cyclotron  frequency  of  orbital  motion  (7). 

W e  Vibrational  constant  (4,  11). 

0)  x  First  anharmonic  correction  term  (11). 

e  e  '  ' 

0)  Plasma  resonance  frequency  for  electrons  (21). 

01  Wind  shear  f 3). 

s 

Numbers  used  as  indices: 

0  Reference  condition  (3). 

Temperature  of  OK  1 1 0,  19). 

Zero  atmosphere  pressure  (12). 

Initial  charge  on  neutral  target  species  (15). 

Zero  time  (16). 

Functional  (21). 
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Excitation  (11). 

Reference  condition  (2). 

Atomic  oxygen  (3). 

Molecular  (3). 

Vibrational  level  (10). 

One  atmosphere  pressure  (12). 

Incident  particles  before  collision  (15). 

Cut-off  (15). 

Stripping,  in  collision  of  N+  on  (15). 

Deexcitation  (11). 

Deactivation  of  first  vibrational  level  (20), 

Molecular  oxygen  (3). 

Turbulent  (3). 

Vibrational  level  (10). 

Incident  particles  after  collision  (15). 

Number  of  electrons  stripped,  in  collision  of  N+  on  N? 
(15). 

Two-body  process  (lb). 

Functional  (21). 

Vibrational  level  (10), 

Number  of  electrons  stripped,  in  collision  of  N+  on  ^ 
(15). 

Three-body  process  (16). 

Number  of  electrons  stripped,  in  collision  of  N  on  N_ 
(15). 

Temperature  of  300  K  (24). 
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<°  Tap  af  atmosphere  (13). 

End  of  trajectory  (15). 

Designation  of  long  time  after  ionizing  source  is  turned  on 
(16). 

Miscel laneaus  symbols  used  as  indices  (where  "X"  is  taken  as  an  anonymous 
symbol  modified  by  each  index): 

X'  Fluctuation  or  perturbation  (3). 

Miscellaneous  (  i). 

Reverse  (6). 

Bound  excited  state  (8). 

Collisional  (11). 

Excited  electronic  state  (11). 

Ionization  (13). 

Secondary  of  a  type  (14). 

Upper  electronic  state  (14). 

For  special  parameter  (15). 

Unspecified  electronic  state  (20). 

X"  Ground  electronic  state  (11). 

Lower  electronic  state  (14). 

Unspecified  electronic  state  (20). 

X  Vector  (3.  15). 

X  Tensor  (3). 

X  Vector  (15,  16). 

X  Mean  (2,  3,  11,  21). 

(x)  Space-averaged  ( 16,  21). 

jX}  Variation  (3,  16). 
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SPECIES  INDEX 


N.  B.  :  The  entries  are  listed  by  chapter  and  page.  For  instance, 
the  designation  5-7,  8  indicates  the  presence  of  informa¬ 
tion  on  pages  7  and  8  of  Chapter  5,  and  5-(6-9)  designates 
information  on  pages  6  through  9  of  Chapter  -5.  In  a  few 
cases,  a  species  is  treated  continuously  throughout  an 
entire  chapter;  when  this  occurs,  the  chapter  number  is 
given.  Where  information  is  contained  in  a  figure  or 
table,  the  figure  number  or  table  number  is  given  separ¬ 
ately  from  the  chapter  and  page  numbers,  which  are  used 
only  for  textual  reference.  Certain  tables  are  subdivided, 
e.g,,  1 6- 1  into  1  6-1 .  1,  16-1.2,  etc.,  and  24- 1  into  Roman 
Numeral  categories.  These  subdivisions  are  included  in 
the  designations,  where  applicable,  for  greater  clarity. 
Entries  are  listed  alphabetically  by  standard  chemical 
symbol,  with  the  added  features  that  the  invented  symbol 
"Me"  is  used  to  indicaLe  metallic  species  generally,  and 
that  "air",  "air  ions",  "electron",  and  "teflon"  are 
entered  as  words,  in  their  proper  alphabetical  order. 
Electronically  excited  states  are  listed  either  as  specific 
state  designations  (in  alphabetical  and  numerical  order) 
where  these  ore  known,  or  by  the  use  of  the  asterisk  {*) 
to  indicate  electronic  excitation  generally.  Vibrationally 
excited  states  are  designated  by  the  double-dagger  (*). 
Unless  otherwise  noted,  all  species  listed  are  gas-phase 
species.  A  few  solids  and  liquids  are  included,  and  are 
appropriately  designated  as  such,  viz,,  by  the  respec¬ 
tive  standard  indicators  (s)  and  (£). 


AS 

Figure  1  5-2. 

Ag+ 

Page  15-36. 

F-  ] 
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Air 


Air  Ions 


Al 


A1 


+ 


A1(CH3)3 

AlO 

AlO* 

Ar 


Ar 


Ar 


Ar 

Ar 

Ar 


3+ 

4+ 

5+ 


Pages  3-5,  33;  5-18;  7-27,  29;  17-7;  21-4,  5,  (7-9), 
(16-18),  25. 

Tables  11-2;  16-1.2;  21-2,  4;  24-1  (VI). 

Figures  7-8;  9-2,  3;  21-3,  5. 

Pages  16-21,  23. 

Tables  16-1.  1;  24-1  (VI), 

Pages  5-13;  7-20;  15-1,  21,  29. 

Figures  5-10;  15-1,  5. 

Pages  15-6,  15,  31,  35,  39,  44,  45,  47;  16-18;  20-18. 
Table  16-1.  1. 

Figure  15-4. 

Page  5-19. 

Pages  11-23,  25. 

Table  11-1. 

Page  11-25. 

Pages  2-  (9-12);  4-1;  10-2;  11-27;  15-21,  25, 

34,  36,  37,  43;  16-14,  16,  17,  24;  17-3;  18A-9; 
19-8,  9,  12;  21-5,  24. 

Tables  2-2,  4;  10-1,  10;  15-1;  18A-5;  20-2,  6,  8;  24-1 
(XXVI). 

Figures  2-7;  4-1;  10-10;  14-10;  15-1,  2.  5. 

Table  10-10. 

Pages  15-3).  43;  16-18, 

Tables  10-1,  11;  16-1.  1. 

Table  10-11. 

Page  15-43. 

Table  10-1. 

Page  15-43. 

Page  15-43. 

Page  15-43. 
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D  Pages  16-22,  23. 

Table  16-1.2. 

D2  Page  16-24. 
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Pages  4-6,  13;  5-(5-8),  19;  6-2,  3,  (7-12),  14;  7-2,  4, 

8,  11,  20,  23,  25,  27,  29;  8-(I-7),  10,  II; 

9-1,  4,  6,  (8-16),  30;  lI~(2b-33);  12-1,  5; 
13-1;  15-1,  (5-7),  20,  25,  (29-47),  1 6-(  1  -21); 
20-3,  5,  7,  8,  10,  II,  (13-17);  22-2. 

Tables  6-1;  8-(l-3);  9-1,  4;  12- 1 ;  16-1.1;  18A-4;  20-7, 

9,  10;  24-1  (1,  II,  III,  IV,  VII,  VIII,  IX,  X, 

XI,  XII,  XXX). 

Figures  4-3;  5-9;  7-6,  7;  9-1;  14-17;  I6-(l-4);  20-(3-5), 
(7-9). 

F  Page  17-18. 

Table  17-7. 

Figures  15-1,  2. 

F+  Page  16-18, 

Table  16-1.  1. 

Fe  Pages  11-20;  15-1,  21,  30;  20-7. 

Table  18A-7. 

Figures  15-1,  5. 

Fe+  Pages  15-6,  15,  32,  35,  40,  44,  46,  47;  20-18. 

Tables  18A-3,  5,  7;  24-1  (XIV). 

Figures  15-3;  20-1. 

FeO  Page  11-20, 

Table  11-1. 

FcO+  Tables  18A-3;  24-1  (XIV). 

FeO*  Table  18A-5. 
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15-1,  18,  19;  19-3,  12;  20-16. 

Tables  6-1;  8-2;  9-1,  5,  6;  10-1,  2;  12-2;  18A-(l-4),  7; 

19-1;  20-10;  24-1  {1,  IV,  Xlll,  XIV,  XV,  XXIV, 
XXV,  XXVII). 

Figures  2-7;  10-1,  10;  14-1,  3,  4,  17;  15-1,  2. 

H',:  Tables  10-2;  20-10. 

Figure  10-1. 

H{ 3  2P)  Tables  9-3;  20-10. 

H(2S)  Table  20-10. 

H+  Pages  6-8;  7-17;  8-1,  8;  9-6,  8;  10-3;  16-18,  20,  22, 

23. 

Tables  8-1;  9-1;  10-1;  16-1.  1,  1.2;18A-1,  3,  7;  20-10; 
24-1  (1,  Xlll). 

Figures  14-3,  4,  64,  89;  16-4. 

H"  Pages  7-17;  8-6,  7;  10-3;  16-22,  23;  17-2,  8. 

Tables  10-1;  16-1.2;  17-3;  18A-2;  24-1  (XV). 

Figures  10-9;  14-1,  16. 

HCO4  See  CHO+ 


HNO  Page  18A-9. 

L  Tables  18A-3,  4;  24-1  (XIV). 

UNO  Page  11-13. 

Table  11-1. 

HO  Pages  2-9;  11-16;  19-12;  20-16. 

Tables  l.i-l;  19-1;  24-1  (XII,  XXIV,  XXV.  XXV11). 

HO~  Page  17-2. 

HS  Table  18A-2. 

HS_  Table  18A-2. 
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Pages  2-9;  10-2;  11-31,  33;  16-17,  18,  24;  17-4; 

19-4,  12;  20-16. 

Tables  9-5;  10-1,  19;  17-4;  18A-3;  20-10;  24-1  (XII, 

XIV,  XXV,  XXVII). 

Figures  10-8;  14-(12-20);  15-1,  2. 

Table  20-10. 

Page  16-18. 

Tables  10-1,  19;  16-1.2. 

Figures  14-13,  64,  89. 

Page  16-18. 

Page  17-9. 

See  N0+(H20). 

See  N02(H20). 

See  NO~{H  O). 

Pages  2-9;  4-15;  6-8;  9-H;  11-1,  11;  12-6,  29;  17-3, 

4,  8,  12;  18A-2,  3,  (8-10);  19-12;  20-15,  16; 
21-5,  6,  8,  16,  18,  27,  28. 

Tables  6-1;  10-1,  20;  11-1,  2;  12-2;  17-(3-5),  7;  18A-1. 
(3-7);  20-5,  6,  8,  10;  21-1,  2;  24-1  (IV,  IX, 

XII,  XIII,  XIV,  XVI,  XVIII.  XIX,  XXI,  XXIV, 
XXV,  XXVII,  XXX,  XXXIII). 

Figures  4-2,  8;  11-1;  12-17;  l4-(62-65);  20-6;  21-1,  3, 

5. 

Page  4-  1  5. 

Tables  10-20;  20-5;  24-1  (XXXIII). 

Tables  10-1,  20;  13A-1,  3,  7;  24-1  (XIII,  XIV). 

Figure  14-63. 

Table  10-20. 

Page  17-9. 

Page  2-9. 

Table  24-1  (XXIV,  XXVII). 
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See  0*(H  O). 

H2°3 

See  o’(H  O). 

h2°; 

See  03(H20). 

H  SO  (£) 

2  4 

Page  19-4. 

H,0 

Table  18A-7. 

h3°+ 

Pages  9-11;  16-17;  18A-8;  21-20. 

Tables  16-1.1;  18A-3,  5,  7;  21-4;  24-1  (IV,  XIV, 

XVIII,  XIX). 

H3o+(H2o) 

Pages  18A-8;  21-25. 

Tables  16-1.1;  18A-3,  5;  21-4;  24-1  (IV,  XIV,  XV111, 

XIX). 

h30+(h2°)2 

Pages  16-17;  18A-9. 

Tables  16-1.1;  18A-3,  5;  24-1  (IV,  XIV,  XV111,  XIX). 

h3°+(h2°)3 

Tables  16-1.1;  18A-5;  24-1  (IV,  XV111,  XIX). 

h3o+(h20)4 

Tables  16-1.1;  18A-5;  24-1  (IV,  XV111,  XIX). 

H30+(H20)5 

Page  16-17. 

Tables  16-1.  1;  24-1  (IV). 

w  n+fw  n; 

"3'  '*2  'n 

Pages  q-llj  16-17:  18A-8:  21-20. 

Tables  16-1.  1 ;  24-1  (IV,  XV11I,  XIX). 

h3o+(oh) 

Page  18  A- 8. 

Tables  18A-3;  24-.1  (IV,  XIV,  XIX). 

H3°2 

See  0H“(H20). 

H3P04(i) 

Page  19-4. 

H4N°3 

See  NO+(H  0)  . 

2  2 

H4°2 

See  H30+(OH). 
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H  O' 

4  4 

See  0'(H20)2. 

H5°2 

See  H  0+{H20). 

H6NO+4 

See  N0+(H20)3. 

H6°5 

See  02(H20)3. 

H7°3 

See  H30+(H20)2. 

H8°6 

See  0‘(H  0)4. 

H9°4 

See  H30+(H20)3. 

H10°7 

See  0'(H20)5. 

Hll°5 

See  H30+(H20)4. 

H13°+6 

See  H30+(H20)5. 

H,  no" 

2n  n+3 

See  NO~(H_0)  . 

5  l  n 

H„  O'  , 

See  0*(H  O)  . 

2n  n+4 

2'  2  n 

+ 

H.  ,0  . 

See  H  0+(H_0)  . 

2  n+  3  n+ 1 

3  '  2  'n 

He 

Pages  2-(9- 12);  4-1;  7-4,  10,  23;  8-4;  11-33; 

15-1;  16-12,  14,  15,  17,  20,  21,  24;  18A-4, 
7,  9;  19-12;  20-15;  21-17, 

Tables  2-2,  4;  8-2;  9-1,  3,  *;  12-2;  16-1.1,  1.2;  ISA 
5,  6;  20-8,  10;  21-3;  24-1  (XVIII.  XXI). 
rinurps  7-7*  4-1  7-3  fs-  1  c,-  3  7-  7.1-4 

O  1  *  '  *  '  *  •  * 

He"' 

Table  20-10. 

He(3P) 

Table  9-5. 

He{2  *S) 

Table  20-10. 

He(3S) 

Tables  9-5;  20- lo. 

He 

Pages  8-3;  15-45,  46;  16-18,  20,  22,  23;  18A-3,  4. 

Tables  9-1,  3,  5;  16- 1.  ) ;  18A- 1 ;  20- 1 0. 
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Page  16-20. 

Tables  16-1.  1;  18A-1 

Hg 

Page  20-7. 

T 

i. 

Pages  15-21;  19-3. 
Table  18A-2. 

Figures  15-5,  7. 

1+ 

Pages  15-37,  41. 
Table  15-1. 

»“ 

Page  16-21. 

Tables  16-1.2;  18A-2 

l2 

Page  16-21. 

+ 

!z 

Page  16-21. 

Table  16-1. 2. 

K 

Pages  15-21,  29. 
Table  8-2. 

Figures  15-2,  5,  8. 

* 

K 

Table  9-5. 

K+ 

Pages  15-32,  35,  40; 
Tables  15-1;  16-1.1; 

(M 

O 

u 

+ 

J4 

Table  18A-5. 

KO+ 

Table  .8A-3. 

Kr 

Pages  15-30;  16-24. 
Table  20-8. 

Figures  15-1,  2. 

KrT 

Pages  15-32,  36,  40. 

Li 

Page  15-1. 

Table  8-2. 

Figures  15-5.  2. 

Li 

Table  9-5. 
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16-18. 
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9-4, 

,  12,  13 

31; 

10-2, 

4; 

11-13,  14,  18,  27, 

32; 

12-6,  16,  17, 

1 

•H 

1 

ro 

O 

rO 

14- 

1;  15-1,  21 

22, 

2  5,  (34 

-38,, 

16-8, 

10, 

22, 

24; 

17-3,  5,  8; 

18A 

-(3-5), 

7,  9; 

19-4, 

(7- 

•10), 

(  12' 

-14); 

20-1 

[3-10), 

13,  (15-17); 

21 

-4,  5 

8, 

15,  20, 

25, 

26,  28, 

31;  22-1. 

-2, 

4;  9-2, 

3,  6, 

7;  10- 

■1, 

13;  11-2 

;  12-  (2  -4), 

6  a, 

6b;  13- 

1.  2, 

4,  6; 

14- 

(1-3) 

;  15 

-1;  16-1. 2; 

17- (4 -6);  18A-1,  (3-7);  19-1;  20-1,  2,  (4-6), 
(8-10);  21-(l-4>;  24-1  (I,  II,  IV,  IX,  X,  XII,  XIII, 
XIV,  XVI,  XVIII,  XXI,  XXIII,  XXIV,  XXV,  XXVI, 
XXVII,  XXV1I1,  XXX,  XXXII.  XXXIII). 

Figures  2-7;  4-1,  4,  8;  10-5,  8,  II;  12-7;  14-(29-41); 
151,  2,  (6-9);  20-1,  3,  4,  6;  21-1,  3,  4. 

N*  Pages  4-13;  5-17;  6-7;  11-14,  34;  19-7,  14;  20-(3-6); 

"  21-4;  22-1. 

Tables  9-6;  20-2,  3,  10;  24-1  (XXVII,  XXXII, 

XXXIII). 

Figures  10-5;  20-1,  3,  4. 

Pages  20-3,  (6-8). 

Tables  10-13;  20-1,  10. 

Figures  10-5;  20-1. 

Tables  9-5,  6;  10-13;  20-1,  10. 

Figure  10-5. 

Table  20-10. 

Tables  10-13;  20-1. 

Figure  10-5. 

Pages  6-15;  20-3,  (6-8). 

Tables  9-6,  7;  10-13;  20-1,  4,  10;  24-  1  (XXVIII,  XXX). 
Figures  10-3;  20-1. 

Pages  20-3,  7. 

Figure  20-1. 

N^( b'  *2^)  Figure  10-5. 
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Pages  6-15;  20-6,  7. 

Tables  9-5,  6;  10-13;  20-1,  10;  24-1  (XXV). 
Figures  10-5;  20-1. 


K2(B  3ng) 


n2(b 

n2(B'  Vi 

n2ic  \> 

3  * 

N2<C  nu> 

n2ic  \> 

n2(D  v> 

3  + 
N2(E  rg) 

N2(h  Vu> 

N2(w  ‘au) 
N2(W  \) 


Figure  20-1. 

Page  20-7. 

Tables  9-5;  10-13;  20-1. 
Figure  10-5, 

Pages  20-6,  7. 

Tables  9-5,  6;  20-10. 
Figure  10-5, 

Table  20-10. 

Figure  10-5. 

Page  20-7. 

Page  20-7. 

Figure  10-5, 

Tables  9-6;  12-6a. 

Tables  10-13;  20-1. 
Figure  10-5. 

Page  20-7. 

Tables  10-13;  20-1. 
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K  Pages  6-15;  8-12;  9-4,  11,  21,  31;  13-1,  3,  4; 

15-5,  43;  16-7,  8,  10,  18,  22;  l8A-(4 
20-(6- 1 0),  15,  17;  21-20. 

Tables  9-2.  3,  6;  10-1,  14;  13-3,  5.  7;  14-1,  2 
1.2;  18A-1,  3,  5,  7;  20-1,  9,  10;  21-^ 
(I,  II,  IV,  V,  XIII,  XIV,  XV1J1,  XXX). 
Figures  10-5;  12-7;  14-(30-37),  90;  16-1;  20-2 
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N*  Pages  16-7,  R,  10;  20-9. 

Tables  I8A-3;  21-4;  24-1  (IV,  XIV,  XVIII). 

N*  Pages  16-7,  10,  16;  I8A-7. 

Tables  16-1.1;  18A-1,  3,  5;  21-4;  24-1  (IV,  XIV, 
XVIII), 

Figure  16-1. 

Na  Pages  5-19;  18A-3,  6;  20-7. 

Tables  8-2;  9-6;  18A-I,  3,  7;  20-10;  24-1  (XIII,  XIV). 
Figures  15-2;  20-1. 


* 


Na 

Tables  9-5;  20-1,  10. 

Na1 

Pages  16-18,  23;  I8A-6;  20-18. 
Tables  16-1.  1;  18A-I,  3,  5,  7; 
Figure  20-1. 

24-1  (XIII). 

Na+(C02) 

Table  I8A-5. 

Na+(C02)? 

Table  ISA -5. 

NaO+ 

Tables  I8A-3;  24-1  (XIV). 

Ne 

Pages  15-25,  43,  44;  lb-8,  10, 
Tables  8-2;  15-1. 

Figures  15-1,  2. 

11,  14,  16, 

Ne’" 

Page  16-8. 

-1* 

Ne 

Pages  15-34,  39,  43;  16-18. 

Tabie  i  6-  i .  i . 

Ne+  + 

Page  15-43. 

Ne3+ 

Page  13-43, 

Ne4* 

Page  1  5-43. 

M  ^+ 

Ne 

Page  15-43. 

N'2 

Page  16-16. 
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O  Pages  2- ( 9-  12);  3-33,  34;  4-13,  15;  5-18;  6-2, 

8,  12,  14,  15;  7-7;  8-7,  8,  10,  II;  9-12,  13, 

15,  30,  31;  10-4;  11-13,  (16-201,  31,  32;  12-6, 
(3-23),  30;  13-1,  3,  4;  15-1,  6,  15,  25,  (29-33); 
16-10,  II,  16;  17-2,  6,  9,  12,  14;  18A-5,  6, 

8;  19-(2- 14);  20-3,  6,  7,  (10-12),  (14-18); 

21-6,  16,  20,  25,  29. 

Tables  2-2,  4;  6-1;  8-2;  9-(2-6);  10- J,  8;  12 -( 1  - 5),  7a, 
7b,  8a,  8b;  13-1,  2,  4,  6;  15-2;  1 7- ( 1-4),  6, 

7;  18  A-( I  -4),  6,  7;  19- 1;  20-1,  2,  (4-7),  9, 

10;  2 1  - ( 1-4);  24-1  (I,  11,  IV,  V,  VII,  VIII,  IX, 

X,  XI,  Xll,  XIII.  XIV,  XV,  XVI,  XVIII,  XX11I, 
XXIV,  XXV,  XXVI,  XXVII,  XXVIII,  XXX, 
XXXII). 

Figures  2-7;  4-1,  7;  10-3,  6,  7,  10;  I2-( 8- 10);  14-2, 
(7-9);  1 5— ( I  —  4);  20-1,  4,  6,  9;  21-1,  4. 

O*  Pages  12  -( 1 7-23). 

Tables  10-8;  12-5;  20-1,  7,  10. 

Figures  10-3;  12-8,  9;  20-1,  9. 

0(LD)  Pages  4-13;  5-  L7,  18;  6-15;  8-10;  12-9,  21,  27,  28; 

16-16;  19-14;  20-3,  4,  12,  ( 14-16);  22- 1. 

Tables  9-( 5-7);  12-3,  5,  7a,  7b;  20-1,  7,  8,  10;  24-1 
(IV,  XXIV,  XXVII,  XX VIII,  XXX). 

Figures  4-2,  4,  5;  10-6,  7,  10;  20-i,  9. 

0(4  3P)  Table  9-5. 

5 

Of  P)  Table  9-6. 

0(XS)  Pages  5-18;  8-10;  9-M;  12-21;  16-16;  19-14;  20-4,  14,  15. 

Tables  9-(5-7);  12-7a,  7b;  20-1,  7,  10;  24-1  (IV,  XXV, 
XXVIH,  XXX), 

Figures  10-6,  7;  12-10;  20-1,  9. 

0(3S)  Tables  9-5,  6;  20-1. 

Of5S)  Tables  9-3,  6;  20-1. 

Figure  20-1. 

0+  Pages  4-6;  6-7,  14,  15;  8-2,  3;  9-(  1 1  - 1 3),  15;  10-4; 

12-14,  21;  13-3,  4;  15-31,  34,  39,  (41-45), 

47;  16-  18,  22,  23;  18A-5;  20-5,  11,  (15-17). 
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0+  (Cont'd. )  Tables  9-2,  3,  5,  6;  10-1,  9;  12- 1,  7b,  8a,  8b;  13-3, 

5,  ',  16-1.  I,  1.2;  18A-1,  3,  5,  7;  20-1,  3; 
21-4;  24-1  (I,  II,  V,  XIII,  XIV,  XVIII, 
XXVIII,  XXX). 

Figures  4-3,  4;  iO-4,  6,  7;  ’2-8,  10,  II;  14-8,  64, 
73,  74;  20-2,  4. 
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FOREWORD 


FOREWORD 

TO  THE  SECOND  EDITION 


The  original  DASA  Reaction  Rate  Handbook  was  prepared  as  an 
aid  to  those  associated  in  various  ways  with  the  DASA  (now  DNA) 
Reaction  Rate  Program,  including  those  who  direct  and  coordinate 
the  program,  those  who  provide  the  basic  data,  and  those  who  use 
these  data  to  calculate  the  phenomenological  effects  of  perturbing 
influences  in  the  atmosphere,  and  to  predict  therefrom  the  result¬ 
ant  variations  in  atmospheric  chemistry  and  electromagnetic  trans¬ 
mission.  At  the  time  of  its  original  publication,  a  need  was  fore¬ 
seen  for  periodic  updating  of  the  Handbook  contents,  in  order  to  per¬ 
mit  such  calculations  to  be  carried  out  with  accuracy  and  precision 
commensurate  with  the  most,  advanced  information  available.  In  the 
recent  past,  the  quality  and  quantity  of  candidate  revisions  and  addi¬ 
tions  to  the  Handbook  have  reached  the  level  where  it  is  now  obvious 
that  the  needs  of  the  interested  scientific  communities  would  be  best 
served  by  the  publication  of  a  Second  Edition  of  the  Handbook  incor¬ 
porating  many  new  areas  of  coverage  not  previously  include'*. 

Hence,  the  present  publication  represents  a  major  revisic  1  of 
what  is  now  the  DNA  Reaction  Rate  Handbook.  Data  obtained  since 
the  dissemination  and  an  earlier  updating  of  the  First  Edition  are 
included,  both  replacing  and  adding  to  the  original  contents.  Much 
of  the  information  newly  incorporated  into  many  of  the  older  chap¬ 
ters  has  been  suggested  for  inclusion  by  data  users  interested  in 
enhancing,  thereby,  the  ultilitarian  value  of  the  Handbook.  In  addi¬ 
tion,  an  attempt  has  been  made  to  render  the  overall  coverage  more 
complete  than  it  had  been  previously,  by  including  several  new  chap¬ 
ters  encompassing  subject  matter  which,  while  closely  related  to  the 
more  traditional  material,  had  been  omitted  in  the  First  Edition.  As 
before,  further  revisions  may  be  anticipated  from  time  to  time,  and 
suggestions  for  improvements  will  continue  to  be  welcomed  by  the 
DNA  project  officer,  Dr.  C.  A,  Blank. 
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FOREWORD 

TO  THE  FIRST  EDITION 


* 


Several  years  ago  the  Defense  Atomic  Support  Agency  initiated  a 
concerted  effort  to  explore  the  effects  upon  the  upper  atmosphere 
arising  from  high-altitude  nuclear  detonations.  As  a  result  of  this 
endeavor,  it  was  ascertained  that  rather  profound  effects  upon  at¬ 
mospheric  physical  and  chemical  processes  can  occur,  leading  to 
extensive  degradation  of  the  performance  of  military  radar  and  com¬ 
munication  systems.  {This  situation  is  discussed  in  detail  in  Chap¬ 
ter  10  of  the  unclassified  publication,  The  Effects  of  Nuclear  Wea¬ 
pons,  S.  Glasstone,  ed. ,  U.  S.  Government  Printing  Office,  196-2.  ) 

In  seeking  to  obtain  a  more  complete  and  thorough  understanding  of 
the  fundamental  scientific  nature  and  problems  of  the  upper  atmos¬ 
phere  which  underlie  such  military  problem  areas,  a  comprehen¬ 
sive  reaction  rate  program  comprising  theor '  cal,  laboratory  and 
field  measurement  studies  was  undertaken  in  #61.  One  of  the  long- 
range  objectives  established  early  in  this  program  was  the  future 
publication  of  a  DASA- sponsor  ed  handbook  containing  certain  useful, 
accurate,  and  reliable  information  on  upper  atmospheric  chemical 
and  physical  processes.  Such  information  is  required  ior  the  sol¬ 
ution  of  various  problems  involving  military  radar  and  communica¬ 
tion  blackout.  The  publication  of  this  first  edition  of  such  a  hand¬ 
book  thus  represents  fulfillment  of  that  goal.  1  ariodic  additions  to, 
and  revisions  of  this  handbook  are  planned  to  accommodate  new  in¬ 
formation,  revision  of  older  data,  corrections,  etc.  Suggestions 
for  improving  the  nature  and  utility  of  this  document  are  most  wel¬ 
come  and  should  be  directed  to  the  indicated  DASA  Project  Officer. 
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CHAPTER  1 


t.  INTRODUCTION 

C.A.  Blank,  Defense  Nuc'ear  Agency 
F.R.  Gilmare,  R&D  Associates 
T.  Baiter,  General  Electric  Company 
M.H.  Borfner,  General  Electric  Company 
(Latest  Revision  26  August  1971) 


1.1  THE  PURPOSE  AND  SCOPE 
OF  THE  HANDBOOK 

The  recovery  of  the  atmosphere,  following  its  disturbance  by  any 
of  several  natural  or  manmade  events  of  the  magnitude  of  a  solar  - 
flare  impingement  or  a  nuclear  burst,  may  be  characterized  in  terms 
of  certain  extremely  important  chemical  and  physical  processes. 

Such  events  tend  to  introduce  electromagnetic  radiation,  high  temp¬ 
eratures,  matter  including  atomic  and  subatomic  particles,  shock 
waves,  and  other  phenomena  related  to  these,  in  broadly  varying 
ranges  of  energy  and  intensity,  and  all  capable  of  producing  remark¬ 
able  changes  in  the  atmospheric  structure  and  chemical  composition 
in  very  short  time  periods.  Typically,  the  electron  density  and  ion¬ 
ization  levels  thus  generated  may  be  many  orders  af  magnitude  higher 
than  those  of  the  normal,  quiescent  atmosphere.  Since  the  propa¬ 
gation  of  directed  electromagnetic  radiation  (e.g.  ,  transmitted 
radar,  radio,  and  optical  signals)  is  related  to  the  intensity  of  these 
levels,  and  since  the  perturbation  of  the  affected  atmospheric  re¬ 
gion  may  last  for  minutes  or  hours  and  spread  over  hundreds  of 
square  miles  in  area,  serious  problems  may  ensue  in  relation  to 
operational  military  systems  designed  to  survive  and  to  function 
during  or  subsequent  to  such  disturbances . 

It  is  the  purpose  of  this  Handbook  to  provide  the  best  available 
detailed  information  concerning  both  chemical  and  physical  mech¬ 
anisms  of  the  sort  indicated  above,  and  the  roles  which  these  pro¬ 
cesses  play  in  atmospheric  ionization  and  deionization.  The  pro¬ 
cesses  by  which  increased  ionization  levels  are  produced,  for  ex¬ 
ample,  in  the  event  of  a  nuclear  detonation,  have  beer,  described  in 
general  elsewhere  in  the  open  literature.  The  high  electron  density 
levels  created  thereby  may  be  diminished,  as  free  electrons  are 
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removed,  by  a  variety  of  mechanisms  which  are  termed  collectively 
"atmospheric  deionization".  The  chemical  kinetics  of  such  induced 
"atmospheric  deionization"  is  highly  complex,  and  in  its  present 
state  of  knowledge  it  involves  many  areas  of  uncertainty.  Neverthe¬ 
less,  it  is  possible  to  carry  out  reasonable  and  useful  theoretical 
calculations  involving  the  rate  chemistry  of  highly  ionized  air  pro¬ 
duced  in  the  above  manner.  Based  on  these  considerations,  this 
Handbook  presents  what  are  believed  to  be  the  best  available  chem¬ 
ical  kinetic  data  relevant  to  this  problem  area,  as  well  as  related 
iniormatio  i  required  for  the  associated  calculations.  The  material 
thus  presented  can  also  serve  as  a  guide  to  experimenters  engaged 
in  the  acquisition  of  additional  data  of  the  same  type.  Although  a 
considerable  portion  of  the  contents  of  this  Handbook  has  been  ob¬ 
tained  directly  from  DNA  - sponsored  programs,  much  has  been  ac¬ 
quired  or  gleaned  from  the  results  of  other  efforts  described  i* 
many  other  scientific  and  technical  source-wor as. 

1.2  CONTENTS  OF  THE  HANDBOOK 

For  organizational  purposes  this  Handbook  is;  divided  into  four 
major  groups,  each  comprising  several  chapters  of  related  content. 
The  first  of  these,  Group  A  (Chapters  2  through  6),  deals  with  gen¬ 
eral  background  material.  Conditions  of  temperature,  density,  and 
chemical  composition  which  are  usually  needed  tc  determine  the  im¬ 
portance  of  specific  processes  or  to  assess  particular  instances  of 
highly  ionized  atmospheres,  are  presented  in  Chapter  Z  for  the  nor¬ 
mal,  and  in  Chapter  5  for  the  disturbed  atmosphere.  The  effects  of 
fluid  mechanics  upon  the  phenomenology  of  atmospheric  chemistry 
are  discussed  in  Chaptei  3,  and  the  partition  of  enexgy  among  the 
various  modes  available  in  the  atmosphere  in  Chapter  4.  The  most 
important  general  types  of  rate  processes  which  need  to  be  consid¬ 
ered  are  described  in  som  *  detail  in  Chapter  A 

In  Group  B  (Chapters  7  through  9),  various  aspects  of  the  differ¬ 
ent  methods  employed  to  obtain  data  pertaining  to  the  important  chem¬ 
ical  processes  are  examined.  These  chapters  cover,  respectively; 
experimental  techniques,  theoretical  methods,  and  the  extraction  of 
useful  data  from  direct  atmospheric  measurements. 

The  nature  and  scope  of  the  data  revealed  through  such  investiga¬ 
tions,  and  the  state  of  our  knowledge  concerning  several  classes  of 
reactions,  are  reviewed  and  evaluated  in  Group  C  (Chapters  10 
through  21),  Fundamental  thermodynamic  data,  e.g.,  energy  levels 
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and  populations  of  states,  as  well  as  energies  and  equilibrium  con¬ 
stants  of  reactions,  are  provided  in  Chapter  10,  while  Chapter  11 
explores  in  depth  the  chemical  kinetics  controlling  atmospheric  ra¬ 
diative  processes.  Specific  coverage  of  the  remaining  chapters  in 
this  group  is  as  follows:  experimental  photochemical  cross-section 
data,  atmospheric  fluxes  and  calculated  photochemical  rates,  low- 
energy  electron- collisional  processes,  the  kinetics  of  high-energy 
heavy-particle  collisions  related  to  the  nuclear-burst  problem,  re¬ 
combination  processes,  electron  attachment-detachment,  ion-neutral 
reactions,  neutral  reactions,  excitation-deexcitation  processes,  and 
electron  collision  frequencies  (and  radio-frequency  absorption)  in 
air. 

The  final  Group  D  (Chapters  22  through  24)  concerns  the  utiliza¬ 
tion,  status,  uncertainties,  and  problems  associated  with  the  de¬ 
termination  of  reaction  rates.  Thus  these  three  chapters  cover, 
respectively:  the  utilization  of  lumped-parameter  systems  as  com¬ 
pared  with  detailed  kinetic  systems,  outstanding  problems  involving 
atmospheric  chemical  processes,  and  a  detailed  summary  of  rate 
constants  recommended  for  use  in  atmospheric  deionization  calcu¬ 
lations  Since  many  such  calculations  are  performed  using  special 
computer  codes,  the  availability  of  the  recommended  or  standard 
rate  constants  listed  :.n  Chapter  24  is  important,  particular!;,  for 
the  sake  of  comparative  studies  or  calculations. 

1.3  ENVIRONMENTAL  DEFINITIONS 
RELEVANT  TO  NUCLEAR  -DISTURBED 
ATMOSPHERES 

In  the  immediate  aftermath  of  atmospheric  perturbations  induced 
by  nuclear  detonations  several  arbitrary  environmental  regions  be¬ 
come  of  pariicuidr  concern  from  rhe  standpoint  of  chemical  rate 
processes.  These  may  be  designated  as:  (a)  the  fireball  proper; 

(h)  the  fireball  halo,  and  (c)  the  cool  but  disturbed  region  beyond. 

In  general,  the  phenomenology  of  the  latter  region  was  stressed  in 
ihe  information  presented  in  the  First  Edition  of  this  Handbook,  and 
continues  to  figure  prominently  in  this  Second  Edition.  However, 
the  processes  occurring  in  the  inner  two  regions  are  beginning  to 
receive  increased  attention,  a  fact  which  is  certainly  reflected  in 
the  substance  of  the  Handbook  as  here  published,  and  which  will  un¬ 
doubtedly  continue  to  be  made  manifest  in  all  future  revisions  there¬ 
of.  In  the  paragraphs  following,  working  definitions  are  provided, 
vithin  the  combined  contexts  of  their  interest  for  and  relevance  to 
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chemical  kinetics,  for  each  of  the  three  regions  cited  above. 

The  fireball  proper  is  the  locale  of  high-temperature  and  high- 
energy  processes,  many  of  which  lie  beyond  the  regime  of  conven¬ 
tional  chemistry  and  fall  within  the  realm  of  plasma  physics,  espec¬ 
ially  at  very  early  times  after  a  nuclear  detonation.  The  very  early 
fireball  contains  within  it  a  core  of  debris  matter  generated  in  the 
burst.  With  'he  passage  of  time,  the  very  high  energy  of  the  fire¬ 
ball  is  dissipated,  through  expansion  into,  and  interaction  with,  its 
surroundings.  Reaction-rate  information  pertaining  to  this  region 
is  to  be  found  in  Chapter  1  5  of  the  Handbook. 

The  fireball  halo  may  be  characterized  by  the  prevalence  of  very 
warm  temperatures  due  both  to  radiation  and  to  shock-front  passage. 
Elevated  translational,  rotational,  vibrational,  and  electronic  tem¬ 
peratures  are  created,  which  vary  in  space  and  time,  and  which 
maintain  an  overall  state  of  nonequilibr ium  at  high  altitudes.  Endo¬ 
thermic  reactions  can  also  occur,  in  addition  to  high-energy  radia¬ 
tion-induced  processes.  Cooling  of  this  region  to  ambient  tempera¬ 
tures  occurs  during  a  time  period  on  the  order  of  minutes.  At  lower 
altitudes,  the  actual  volume  thus  affected  is  diminished  in  size. 
Therefore,  the  nature  and  scope  of  the  chemical  phenomenology 
would  appear  generally  to  assume  greater  significance  at  higher  than 
at  lower  altitudes.  However,  the  applicability  of  such  a  generaliza¬ 
tion  to  particular  circumstances  will  vary  with  the  individual  case, 
and  with  the  system  performance  under  consideration. 

In  the  outermost,  or  cool  disturbed  region,  high  electron  densi¬ 
ties  are  created  by  the  radiation  emitted  by  the  nuclear  burst,  but 
the  temperature  does  not  rise  significantly.  The  chemical  processes 
are  mainly  exothermic  and,  in  general,  tend  to  t educe  the  elec¬ 
tron  density.  Since  this  is  a  very  large  region,  it  has  been  tradi¬ 
tionally  the  subject  of  greatest  interest,  especially  to  those  concerned 
with  electromagnetic  or  optical  systems  which  must  survive  and 
continue  to  operate  effectively  within  the  field  -•{  disturbance. 

The  characteristics  of  these  spatial  regions  obviously  will  vary 
with  the  size,  nature,  and  other  parameters  associated  with  the 
nuclear  detonation.  Consequently,  the  effects  created  rnay  be 
grouped  arbitrarily  into  several  altitude  regimes  (cf.  Chapter  2)  and 
time  frames,  depending  upon  the  situation  under  consideration.  The 
continuously  changing  nature  of  the  post-nuclear-burst  environment, 
overlaid  upon  a  simultaneously  varying  "normal”  atmosphere,  makes 
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it  even  more  difficult  to  perform  pertinent  phenomenological  and 
oimulation  studies  in  any  given  context,  Jn  other  words,  without  a 
prior  detailed  knowledge  of  the  "normally"  varying  atmospheric 
constituents,  processes,  and  behavior,  the  integrated  effects  of  a 
nuclear  burst  superimposed  upon  the  effects  of  such  natural  atmos¬ 
pheric  disturbances  as  solar  eclipses,  auroras,  and  polar -cap  ab¬ 
sorption  events  (cf.  Chapter  9)  make  it  very  difficult  to  achieve  the 
degree  of  comprehension  which  is  desired  in  all  studies  which  in¬ 
volve  perturbations  of  the  real  atmosphere.  Indeed,  the  use  of  the 
suggested  terminology  of  "n-dimensional  chemistry"  may  be  an  ap¬ 
propriate  descriptive  phrase  to  employ  in  attempting  to  describe 
the  processes  encountered  under  such  circumstances. 

1.4  SIMULATION  PROBLEMS 

Atmospheric  modeling  studies  are  most  often  based  upon  the  analy¬ 
sis  of  direct  measurements  of  the  neutral,  ionic,  and  electronic 
composition,  and  radiative  fluxes  characteristic  of  the  ionosphere 
under  normal  conditions,  as  well  as  during  such  natural  geophysical 
disturbances  as  were  mentioned  above,  and  during  those  nuclear 
tests  performed  prior  to  the  moratorium  on  atmospheric  uetonations. 
In  the  usual  alternative,  laboratory  experiments  are  performed  in 
which  two  well-defined  ionospheric  constituents  are  allowed  to  inter¬ 
act  as  an  iso’ated  phenomenon,  with  the  rate  of  the  ensuing  reaction 
measured  as  afunctionof  the  various  parameters  at  the  experimenter's 
disposal.  Such  laboratory  experiments  provide  data  for  incor¬ 
poration  into  modeling  studies  of  all  degrees  of  complexity. 

Each  method  of  gathering  data  has  its  advantages  and  its  con' 
straints.  In  the  direct  atmospheric  measurements  approach,  the 
temperature,  pressure,  and  other  pertinent  physical  and  chemical 
parameters  cannot  te  controlled  to  tue  extent  required  for  reliable 
extrapolations  to  more  extreme  •'onditions.  Often  it  is  impractical 
even  to  measure  all  these  variables  with  an  accuracy  as  sufficient 
as  is  desired.  Nevertheless,  atmospheric  measurements  do  offer 
a  rather  direct,  and  at  ll.nes,  singular  approach  to  the  analysis  of 
phenomena  which  must  be  understood,  for  given  practical  applica¬ 
tions,  under  the  conditions  prevailing  in  the  ionosphere.  In  the  lab¬ 
oratory,  on  the  other  hand,  nearly  complete  control  of  the  pressure, 
temperature,  and  chemical  composition  of  the  experimental  environ¬ 
ment  can  be  achie  ved,  so  that  a  given  isolated  reaction  often  may  be 
investigated  with  adequate  confidence  and  intimacy.  However,  some 
reactions  important  in  the  upper  atmosphere  are  not  measurable  at 
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the  higher  pressures  usually  used  inlaboratory  investigations,  simply 
because  they  are  dominated  by  or  subject  to  the  response  of 
other  reactions.  At  lower  working  pressures  in  the  laboratory,  use¬ 
ful  measurements  are  often  prevented  by  recombination  and  quench¬ 
ing  at  the  container  walls,  as  well  as  extremely  low  signai-to-noise 
response  levels.  Moreover,  the  number  of  individual  reactions  of 
possible  importance  in  the  upper  atmosphere  may  be  quite  substan¬ 
tial  both  in  number  and  effect,  especially  since  each  significant  ex¬ 
cited  state  must  be  treated  as  a  separate  reactive  species. 

To  circumvent  this  difficulty  and  provide  an  artificial  environment 
which  combines  the  convenience  and  controls  characteristic  of  the 
laboratory  with  the  relevance  of  direct  atmospheric  observation,  the 
so-called  "lumped-parameter"  experiment  concept — essentially  ex¬ 
perimentation  with  irradiated  air  —  has  been  devised  and  implemented. 
Ideally,  this  technique  utilizes  an  apparatus  into  which  one  introduces 
air-like  gaseous  mixtures  and  subjects  them  to  the  combined  influ¬ 
ences  which  are  characteristic  of  a  given  geophysical  environment. 

If  it  is  certain  that  the  procedure  employed  has  not  altered  the  pro¬ 
cesses  resulting  therefrom  in  a  manner  such  as  to  invalidate  the 
attempted  duplication  of  a  given  ionospheric  situation,  then  the  values 
of  appropriate  variables  of  particular  interest,  e.g.,  the  complex 
conductivity  of  tV  e  resulting  gaseous  mixture,  can  be  measured  by 
pertinent  techniques.  Thus  in  principle  the  "real  world"  is  intro¬ 
duced  into  the  equipment,  and  data  are  acquired  which  characterize 
selected  environments  and  situations  closely  enough  to  be  considered 
a  valid  "simulation". 

In  reality  of  course,  all  laboratory  experiment  differs  from  the 
ionosphere,  in  at  least  three  important  particulars.  Even  the  so- 
called  "lumped-parameter"  approach  is  vulnerable  in  these  respects. 
First,  the  container  walls  rend  tr  modifv  nrnresses  under  invecticra- 
tion,  by  removing  electrons,  ions,  and  other  species  through  sur¬ 
face  recombination,  and  by  deexcitation  of  otherwise  long-lived 
states  through  collision  phenomena.  Second,  the  laboratory  experi¬ 
ment  is  never  completely  free  cf  system- contributed  impurities 
which  either  do  not  exist  in,  or  differ  from,  those  found  in  the  iono¬ 
sphere,  but  which  may  actively  influence  the  course  of  the  laboratory 
phenomenology.  Finally,  inasmuch  as  the  actual  atmospheric  com¬ 
position  is  not  known  with  sufficient  accuracy  for  most  situations  of 
interest,  and  unstable  species  are  difficult  to  produce  and  control 
in  the  laboratory,  the  effects  of  minor  constituents  cannot  usually  be 
duplice  ed  with  any  reasonable  degree  of  satisfaction.  As  a  result, 


1-6 


CHAPTER  1 


a  large  part  of  the  effort  involved  in  conducting  such  laboratory  ex¬ 
periments  must  be  concerned  with  the  determination  oi  th  ■  cc  factors 
which  tend  to  exert  some  extraneous  influence  upon  the  b  navior  of 
the  "simulated"  atmosphere.  This  requires  in  tun-,  the  interpreta¬ 
tion  of  the  observed  gross  behavior  in  terms  of  the  elementary  micro¬ 
scopic  processes  which  govern  the  variation  of  ionization  levels  in  the 
medium  under  study.  Although  somewhat  out  of  keeping  with  "lumped- 
parameter"  philosophy,  the  need  for  such  interpretive  effort  is  quite 
obviously  unavoidable  in  the  context  of  any  realistic  experiment. 
Nevertheless,  "lumped-parameter"  experiments  may  offer  a  unique 
and  valuable  contribution,  provided  they  are  conducted  with  a  full 
realization  of  their  shortcomings  and  constraints,  and  are  interpreted 
in  such  a  manner  as  to  provide  fresh  insights  into  the  complexities 
of  the  atmospheric  processes  under  investigation. 

It  may  be  concluded  from  this  discussion  that  since  the  true  "simu¬ 
lation"  of  atmospheric  systems  to  the  degree  required  for  the  em¬ 
pirical  evaluation  of  burst  effects  is  not  pos  sible  at  present,  reliance 
must  continue  to  be  placed  largely  on  the  direct  investigation  of 
specific  individual  processes  found  by  experience  and  analysis  to  be 
relevant  and  important.  Computational  procedures  which  utilize  all 
the  appropriate  data  in  an  effort  to  determine  overall  system  effects 
may  then  be  employed  in  a  selective,  utilitarian  manner,  to  enhance 
further  the  existing  state  of  knowledge,  and  to  guide  future  explora¬ 
tions  into  those  areas  of  endeavor  v/hich  offer  the  optimum  chance 
for  successful  advancement  in  one  of  the  most  difficult  and  complex 
areas  of  investigation  concerned  with  our  environment. 
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K.S.W.  Champion,  Air  Force  Cambridge  Research  Laboratories 
(Latest  Revision  2?  September  1971) 


N.  B,  :  This  chapter  was  not  ready  for  publication  in  time  to  be 
distributed  with  the  rest  of  the  Handbook.  Much  work  in¬ 
volving  the  reduction  and  interpretation  of  recently  ac¬ 
quired  data  remained  to  be  done,  and  could  not  be  com¬ 
pleted  on  schedule.  However,  it  has  been  possible  for 
the  author  to  supply  selected  reference  data  for  the  use 
of  other  authors  elsewhere  in  the  Handbook,  and  for 
those  other  authors  therefore  to  cite  Chapter  2  as  the 
source  of  the  information  thus  utilized.  Chapter  2  will 
be  prepared  and  distributed  to  authorized  recipients  of 
the  Handbook  at  an  early  date.  In  the  meantime,  readers 
are  encouraged  to  refer  to  the  predecessor  chapter 
by  the  same  a.ith:.'.*  in  the  First  Edition  of  the  Handbook, 
to  other  chapters  in  this  Edition  (numbers  4,  5,  13)  in 
which  data  supplied  by  Or.  Champion  are  used  as  noted 
above,  and  to  two  papers*  presented  by  Dr.  Champion 
and  his  co-workers  at  the  Fourteenth  COSPAR  Meeting, 
Seattle,  Washington,  June  1971.  One  of  the  two  pre¬ 
prints  referenced  below  is  included  herewith  as  a  ten¬ 
tative  version  of  Chapter  2. 


'-■‘Champion,  K.  S.  W.  ,  "The  Properties  of  the  Neutral  Atmosphere", 
Paper  R.  5;  Champion,  K,  S,  W.  ,  and  R.  A.  Schweinfur th,  "The 
Mean  COSPAR  International  Reference  Atmosphere",  Paper  F.  2, 
Fourteenth  COSPAR  Meeting,  Seattle,  Washington,  June,  1971. 
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THE  MEAN  COSPAR  INTERNATIONAL 

reference  atmosphere 

K.S.  W.  Champion  and  R,  A.  Schweinfurth 
Air  Force  Cambridge  Research  Laboratories 
Bedford,  Massachusetts,  U.  S,  A. 

ABSTRACT 


The  new  mean  atmosphere  has  been  developed  for  the 
altitude  range  25  to  500  km.  The  basis  of  the  reference 
atmosphere  is  as  follows: 

Between  25  and  75  km  the  model  represents  annual 
mean  conditions  for  latitudes  near  30°. 

Be, ween  l20  and  500  km  the  model  corresponds  to 
diurnal,  se  isonai  and  semiannual  variation  average  conditions 
for  &  latitude  near  30°  and  a  solar  flux  F  of  145  x  10 
W/m  /Hr. 

Between  7  5  and  120  km  a  model  has  been  developed 

J ~ _ i.  - *. _ _  4.1,  -  1 ,  J 

wniu**  v  v  iuu  o  c±  ouwwui  yctwticu  Hit;  iU  wci  auu 

upper  sections  of  the  mean  atmosphere. 

Note  that  throughout  the  Mean  Reference  Atmosphere 
the  same  formula  (appropriate  to  a  latitude  of  30°)  has  been 
used  for  the  acceleration  due  to  gravity. 
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1.  INTRODUCTION 

The  new  COSPAR  International  Reference  Atmospheres 
will  contain: 

(1)  Seasonal  and  latitudinal  models  of  density,  tempera¬ 
ture,  pressure  and  winds  between  25  and  110  km. 

(2)  Models  from  110  to  2500  km  for  various  solar  fluxes 
and  times  of  day.  These  models  contain  density,  temperature, 
mean  molecular  weight  and  major  constituents. 

(3\  A  Mean  Reference  Atmosphere  for  the  altitude 
range  25  to  500  km.  This  atmosphere  contains  density,  tem¬ 
perature,  pressure,  mean  molecular  weight  and  major 
constituents. 

The  reasons  for  providing  a  Mean  Reference  Atmos¬ 
phere  are  twofold: 

(1)  For  many  computations  it  is  unnecessary  to  include 
a  variety  of  atmospheric  conditions  and  it  is  sufficient  and 
economical  to  use  a  single  typical  model  of  the  atmosphere, 

(2)  The  respective  low  and  high  altitude  mode’s 
described  above  are  functions  of  different  parameters  and 
do  not  match  at  110  km.  Thus,  if  computations  are  to  span 

S  1  ^1  *  J  A  I  ^  ••••IT  •  n  —  p  n  A  %  A  1  Ta  n  —  AS  n  ^  A  A  A^A  A#-  A  *A  ,  I  ^  A  a  A 

u»i,ivuUv  •.!>  v*  4A*  %  gb  uCr  c*  A  t  i_s  o  moov  ouiioiuv.  iv*  y  tw  uou 

the  mean  model. 

The  specifications  for  the  new  Mean  Reference 
Atmosphere  are  given  in  the  abstract. 

2.  MODEL  BETWEEN  25  AND  75  KM 


The  data  used  tc  develop  this  model  were  the  annual 

mean  pressure  value  at  25  km  at  30°  Latitude  and  the  annual 

o 

mean  temperature  values  at  30  latitude  at  5  km  intervals 
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starting  at  25  km  derived  from  Groves  I”  1*1.  The  actual  values  are: 

Press 
Altitude  (km) 


3  2 

Pressure  at  25  km  2.483  x  10  newtons /m 


25  30  35  40  45  50 

Temperature  ("K)  221.8  230.7  241.5  255.3  267.8  271.6 

55  60  65  70  75 

263.  9  249.  3  232.  8  216.3  205.  0 
Starting  at  25  km  the  atmospheric  properties  were  computed 
using  the  following  equations.  Simpson's  Rule  was  used  to  integrate 


numerically  the  pressure  equation 


P  T  Pj  exp 


r  M  f 2  1 

L  ■  TT  I  «*/  rM  J 


U) 


where;  p^  -  pressure  at  reference  altitude 
p  =  pressure  at  altitude  z 

Mq  -  sea  level  value  of  mean  molecular  weight  ~  28.  96 
R  -  universal  gas  constant  8.  31432  x  10^  ergs  K  *  gmole  * 
g  =  acceleration  due  to  gravity 


M 


M 


molecular -scale  temperature 
M 


M 


(2) 


where  M  =  mean  molecular  weight 
T  =  kinetic  temperature. 

The  total  dpnsity  calculated  from  the  relation 


e  -  PM  - 

RT 


pM 

o 


The  pressure  scale  height  was  calculated  from 


H 


ft  T 

RT  M 

Mg  M^g 


(3) 


(4) 
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As  the  aim  of  the  computations  was  to  derive  a  model 
for  the  altitude  region  25  to  500  km  using  a  single  expression 
for  the  acceleration  due  to  gravity  the  expressions  used 
respectively  for  the  low  and  high  altitude  models  were  investi¬ 
gated.  Unfortunately,  neither  formula  was  adequate.  The 
formula  used  by  Groves  was  the  same  as  in  C1HA  1965  and 

was  sufficient  in  all  respects  except  that  its  accuracy  at  high 

4 

altitudes  was  not  acceptable.  The  error  was  1  in  10  at 
4 

200  km,  4  in  10  at  300  km  and  rapidly  inert  ased  with  altitude.  * 
On  the  other  hand,  the  expression  used  by  Jacchia  ^2]  is  valid 
only  for  a  latitude  near  45°  (4  5°  32'  33").  The  problem  was 
solved  by  adding  another  term  to  the  expression  used  in  CiRA 
1965.  The  basic  expression  due  to  Lambert  [31  includes 
dependence  on  latitude  <t> 

g  =  g4»  -  {3. 085462  x  lO-6  +  2.  27  x  io‘9  coS24>)Z 

-  (7.  254  x  10' 13  -  1. 0  x  10"  15  cos24)Z2 

-  (1.  517  x  10  ^  f  6  x  10  cos2<f*)Z  m  'sec:  (5) 

where  Z  is  in  meters. 

o 

The  form  applicable  to  30  latitude  is 

g  9. 79324  -  3. 086597  x  10"6  Z  *  7. 259  x  10"13  7.1 

-  1.  520  x  10'19  Z3  m/sec2  (6) 

3.  MODEL  BETWEEN  7  5  AND  120  KM 

The  model  in  this  region  has  to  provide  a  transition 
between  the  low  altitude  model  based  on  Groves'  data  T  1 '  and 
Jacchia's  high  altitude  models  r2l.  Jacchia's  models  start 
at  90  km  and  Groves'  models  extend  to  110  km  and  they  are 
not  only  different  but  they  are  functions  of  different  parameters. 
Obviously  a  compromise  must  be  devised. 
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As  a  starting  point  a  temperature  profile  had  to  be 
chosen.  As  inputs  for  this  it  is  interesting  to  compare  the 
values  from  several  models  given  in  Table  1. 

TABLE  1 

Altitude  Temperature  (T^) 


USSA  1962 

C1RA  1965 

Groves'’ 

Jacchia 

80  km 

130.  65  K 

186.  0  K 

197. 3  K 

-  -  - 

90 

18-0.65 

186.0 

189.  0 

183. 8  K 

100 

210.  65 

213.0 

215.  1 

203.  5 

J  10 

260.  65 

263.  0 

284.  0 

265.  5 

120 

360.65 

380.7 

«  «  ^ 

380.  6 

‘  Average  annual  values  for  30°  latitude  converted  from  kinetic 

temperatures  using  the  values  of  M  in  reference  111. 

+Average  values  for  45°  latitude  from  model  with  1000°K 

exospheric  temperature  using  the  values  of  M  in  reference 

[21  to  convert  the  kinetic,  temperatures. 

Two  points  should  be  noted.  One  is  that  Groves 

temperature  at  80  km  is  substantially  higher  than  that  in 

other  models.  The  second  is  the  differences  between  the 

temperatures  of  the  Groves  and  Jacchia  models.  A  further 

constrv'nt  on  the  temperature  profile  used  in  this  altitude 

region  is  that  it  must  yield  a  specified  density  value  at 

120  km.  The  values  determined  for  the  molecular-scale 

temperature  (T  )  are: 

M 

Altitude  (km)  80  90  100  110  120 

Temperature  (T  „  K)  195.0  183.8  203.?.  265.5  380.6 
The  adjustments  in  the  temperature  profile  vvei  e  made 
between  7  5  ar.d  90  km. 
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Composition  is  to  be  calculated  for  this  region  using 
the  techniques  of  Keneshea,  Zimmerman  and  George  [4"], 
which  include  the  effects  of  chemistry  and  atmospheric 
dynamic  s. 

4.  MODEL  ABOVE  120  KM 


The  exospheric  temperature  was  calculated  to  correspond 

to  average  diurnal,  seasonal,  semi-annual  and  geomagnetic 

o  -22 

conditions  for  30  latitude  and  a  solar  flux  of  145  x  10 

W/m^/Hz.  The  resultant  exospheric  temperature  is  1000°K. 

Jacchia’s  models  were  recomputed  from  90  km  upwards 

using  the  expression  for  g  given  in  equation  (6).  This  results 

in  a  change  in  the  total  density  and  number  densitie  s  of  the 

constituents  at  higher  altitudes.  The  densities  were  then 

changed  (at  all  altitudes)  so  that  at  120  km  they  matched  the 

density  computed  for  the  intermediate  altitude  model.  These 

densities  are  very  close  to  those  of  the  1000°K  Jacchia  model 

at  120  km  (see  Table  2),  but  are  slightly  different  at  other 

altitudes. 

TABLE  2 


-3  -3  -3 

Altitude  Temp  Log  )  Log  )  Log  0(m  ) 

12C  krn  334.  5K  i?,  5789  16.7333  17,1532 

-3  -3  -3 

Log  A(m  )  Log  He  (m  )  M  Density  (kgm  ) 

15.1732  13.5376  25.45  2.440  -8 


Above  the  turbopause  (assumed  to  be  at  100  km)  the 
number  densities  of  each  individual  species  n.  were  computed 
by  integrating  the  equation  for  diffusive  equilibrium 


dn. 

i 


n 


Tr 


1 7. 


(?) 
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where  or.  is  the  thermal  diffusion  coefficient  taken  to  be  -0.  38 
1 

for  helium  and  zero  for  other  constituents. 

5.  MEAN  REFERENCE  ATMOSPHERE 

The  properties  of  the  Mean  Reference  Atmosphere  are 

► 

shown  in  figs.  1-7.  Fig.  1  shows  the  pressure  scale  height 

as  a  function  of  altitude.  Fig.  2  shows  the  kinetic  temperature 

(T)  and  the  molecular-scale  temperature  (T  ).  Fig.  3  contains 

the  kinetic  temperature  of  the  mean  atmosphere  plus  curves 

indicating  low  extreme  and  high  extreme  temperatures.  The 

o  o 

latter  attain  exospheric  temperatures  of  500  and  1900  K. 
respectively.  The  pressure  curve  for  the  Mean  Atmosphere 
is  shown  in  fig.  4.  Low  extreme,  high  extreme  and  mean 
density  values  are  plotted  in  fig.  5.  These  curves  correspond 
to  the  temperature  profiles  in  fig.  3.  The  mean  molecular 
weights  for  the  mean  atmosphere  are  plotted  in  fig.  6.  The 
corresponding  number  densities  of  N  ,  O  ,  O,  A,  He  and  H 
are  shown  in  fig.  7. 

To  illustrate  extreme  conditions  fig,  8  contains  the 

o 

mean  June  July  temperature  profile  for  80  N  and  fig.  9  the 
mean  December -January  temperature  profile  for  the  same 
location.  These  profiles  are  based  primarily  on  data  from 
Heiss  Island  and  are  from  reference  [5l,  At  50  km  the 
temperatures  range  from  279°K  in  summer  to  247°K  in 
winter,  compared  with  the  mean  reference  value  of  271. 6°K. 

At  80  km  they  range  from  177°K  in  summer  to  218°K  ir. 
winter,  compared  with  the  reference  value  of  195°K. 

Fig.  10  contains  the  mean  CIRA  temperatures, 
median  warm  temperatures  and  those  exceeded  107’  and  1% 
of  the  time  and.  similarly,  median  cold  temperatures  and 
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those  above  which  90%  and  99%.  respectively,  of  thp  tem¬ 
peratures  lie.  The  extreme  temperature,  profiles  are  a 
revised  version  of  those  in  reference  [6l.  The  corresponding 
density  curves  are  shown  in  fig.  il.  In  general,  the  mean 
atmosphere  values  are  in  excellent  agreement  with  the  other 
curves.  However,  in  fig.  10  the  low  median  temperature 
crosses  the  mean  profile  near  65  km.  The  median  values 
should  be  looked  at  again  in  this  region.  In  fxg.  11  the  high 
median  touches  the  mean  at  90  km.  Again  the  extremes  are 
symmetrical  with  regard  to  the  mean  and  the  median  value 
should  be  investigated. 
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3.  THE  NATURAL  ATMOSPHERE:  FLUI  D  MECHANI  CS 

AND  AERONOMY* 

E,  Bauer  and  P.A.  Selwyn 
Institute  for  Defense  Anolyses 

C.M,  Tchen 

City  College  of  New  York 
(Lotest  Revision  24  September  1971) 

3.1  INTRODUCTION 

The  earth's  upper  atmosphere  is  sometimes  treated  as  a  quies¬ 
cent  and  static  medium  in  which  radiative  absorption  and  emission 
processes  and  the  related  chemical  reactions  of  aeronomic  interest 
take  place.  However,  local  heating  and  cooling  arising  from  the  ab¬ 
sorption  of  solar  ultraviolet  radiation  and  of  infrared  "earthshine'1 
and  from  infrared  emission  from  atmospheric  gases  cause  pres¬ 
sure  gradients  which  give  rise  to  atmospheric  motions.  These  mo¬ 
tions  are  complex;  they  include  {on  a  steadily  decreasing  time  scale) 
dominant  motions  or  mean  winds,  atmospheric  tides,  acoustic-gravity 
waves,  and  ultimately,  turbulence.  The  effect*:  of  all  these  dif¬ 
ferent  fluid  motions  and  of  their  interactions  onthe  aeronomic  photo¬ 
chemistry  have  not  been  completely  analyzed. 

The  scope  of  the  present  chapter  is  limited  by  the  neglect  of  plasma 
phenomena  to  altitudes  below  about  180-250  km.  Because  of  the 
long  range  of  Coulomb  interactions,  plasma  effects  on  fluid  motions 
become  significant  for  rather  small  degrees  of  ionization  .  Thus 
Delcroix  (Reference  3-i)  characterizes  a  strongly  ionized  plasma  as 
one  for  which  K:  >  10-4.  -which  rorresnonds  try  an  altitude  h  >  ??f)  Irnr 

*  c  •  .  . 

if  one  chose  Kj  >  10~->,  this  would  give  h  >  180  km.  For  altitudes  be¬ 
low  about  180  km  the  overall  fluid  motions  are  not  significantly  af¬ 
fected  by  plasma  effects;  above  220  km  this  s  no  longer  true, 

Anotner  limit  is  set  by  the  assumption  of  continuum  fluid  mech¬ 
anics,  as  characterized  by  the  Navier-Stokes  equations  and  corres¬ 
ponding  dissipation  term3.  This  assumption  also  tends  to  fail  at 
high  altitudes  or  low  densities  where  the  flow  tends  to  be  free- 


*This  work  was  performed  under  Contract  DAHC- 1  5- 67- C-00 1  1 , 
ARPA  Assignment  5, 
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mc-lecular  rather  than  continuum  in  character.  However,  these  effects 
do  not  extend  to  as  low  an  ciltitude  as  do  the  plasma  effects. 

An  extensive  supplementary  bibliography  at  the  end  of  this  chap¬ 
ter  provides  sources  of  further  information.  A  somewhat  more  de¬ 
tailed  discussion  of  this  subject  is  givenby  Bauer,  Selwyn,  and  Tchen 
(Reference  3-2).  For  a  current  survey  of  fluid  mechanical  energy 
sources  and  sinks  in  the  upper  atmosphere,  see  Moe  (Reference 
3-3). 


3.2  EQUATIONS  OF  FLUID  MECHANICAL 
MOTIONS  OF  THE  ATMOSPHERE 

3.2.1  Inlroduction 

The  dynamical  equations  of  fluid  motions  in  a  form  applicable  to 
the  earth's  atmosphere  are  the  equations  of  continuity  (conservation 
of  mass),  motion  (conservation  of  momentum),  energy  transport 
(conservation  of  energy),  and  state.  Thus  there'  are  one  vector  i;nd 
three  scalar  equations  for  one  vector  variable  u.  (velocity)  and  three 
scalar  variables  p  (pressure),  p  (mass  density),  and  T  (tempera¬ 
ture). 

Collisional  interactions  are  described  below  in  terms  of  the  trans¬ 
port  coefficients  for  viscosity,  diffusion,  and  heat  conduction;  the 
mechanisms  for  chemical  interactions  are  also  presented  in  macro¬ 
scopic  form.  (For  more  details,  see  Hirschfelder,  Curtiss,  and 
Bird  (Reference  3-4),  especially  Chapter  11,  and  iurgers  (Refer¬ 
ence  3-  5) . ) 


3.2.2  Equations  for  the  individual 
Constituents 

The  equation  of  continuity  for  a  species  a  ,  having  mass  density 
Pa  and  a  bulk  or  number-averaged  velocity  ua  ,  is: 

(d/at)pa  t  7  •  (paua)  -  Sc;a  ,  (3-1) 

where  S  denotes  the  rate  of  production  or  loss  of  species  a 

C  pd 

owing  to  chemical  reactions  with  other  species. 
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The  equation  of  motion  for  species  a  is: 


Pa<Da/Dt>iia  '  7Pa  +  7 


ffs»  = 


Pa£a 


+  S 


m;  = 


(3-2) 


where : 


(D./Dt)  =  (d/at)  +  u  •  7  . 

a  ~a 


(3-3) 


In  addition: 

Pa  =  partial  pressure  of  species  a  ; 

V  a  =  viscous  stress  tensor  of  species  a  ;  (When  the 
usual  constitutive  relations  are  employed,  as  in 
Reference  3-4,  Equation  (11.2-13),  the  expression 
for  ffa  contains  a  proportionality  constant  equal  to 
the  viscosity  coefficient  fia  .  ) 

Fa  =  external  force  per  unit  mass  on  species  a  ; 

Sm.a  =  effect  of  co.  isions,  including  the  effect  of  chem¬ 
ical  reactions,  on  the  equation  of  motion.  (The 
chemical  terms  included  here  depend  on  the 
angular  distribution  of  reactants  and  products  in 
a  reactive  collision,  but  are  generally  negligible 
compared  to  the  effect  of  non-reactive  collisions.  ) 

To  the  same  order  of  collisional  interactions,  the  equation  of 
energy  transport  for  species  a  is: 

Pa(Da/Dt)Ea  +  Pa(7*  }£a>  +  (£a'  7>'iia  +  7‘  Sa  =  Se;a+Qa,  (3-4) 

where 

Ea  =  internal  energy  of  species  a  per  unit  mass; 

qa  -  heat  flux  carried  by  species  a  ; 

Se.a  =  effect  of  collisions  and  reactions  on  the  energy 
equation; 

Qa  =  net  rate  of  radiative  heat  absorption  by  species  a  . 

Finally,  the  appropriate  approximation  for  the  equation  of  state 
is  the  perfect  gas  law: 
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Pa  =  Pa*T/ma  > 

where 


(3-5) 


T  =  temperature; 

ma  =  mass  of  a  molecule  of  species  a  ; 
ft  =  Boltzmann  constant. 


(If  the  gas  constant  R  is  used,  it  should  be  noted  that  there  is  a 
chance  of  confusion  between  the  universal  gas  constant  R  =  8.  31  x 
10?  erg/K-mole  and  the  gas  constant  per  gram  =  R/M,  where  M  is 
the  gram  molecular  weight  of  the  gas.  The  symbol  R  is  occasion¬ 
ally  used  for  both  of  these  quantities,  ) 

Details  of  the  chemical  terms  Sc;a  ,  Sm;a  ,  Se;a  may  be  found 
in  Reference  3-5. 


3.2.3  Equations  for  the  Medium 
cs  a  Whole 

Summation  of  equations  (3-1),  (3-2),  (3-4),  and  (3-5)  for  all  the 
interacting  species  a  leads  to  some  significant  simplifications.  For 
example,  in  the  equation  of  continuity. 


(3-6) 


because  no  net  matter  is  created  or  destroyed.  Thus  the  overall 
equation  of  continuity  becomes; 

(d/dt)p  +  (pu)  =  0  ,  (3-7) 


where  u  =  (1  ^p)Z  pa,oa  •  The  overall  equation  of  motion  then  be¬ 
comes  the  well-known  Navier-Stokes  equation; 

p(D/Dt)u  ^  p[(d/5t)  +  u  •  ^  ]u  =•  pF  -  ^p  +  7  •  17  ,  (3-8) 

where  F  is  the  total  external  force  per  unit  mass,  p  is  the  pressure 
and  JT  is  the  total  viscous  stress  tensor.  In  atmospheric  problems 
it  is  convenient  to  choose  coordinates  rotating  with  the  earth,  and  to 
include  centrifugal  and  Coriolis  force  terms  in  F  : 


3-4 


CHAPTER  3 


F  =  g  ■  2flxu  -  flx  [fix  r]  -t  F*  ,  (3-9) 

where  g  =  (0,  0,  -g)  is  the  gra  "tational  force  per  unit  mass,  Q 
is  the  angular  velocity  of  rotation  of  the  earth,  and  r  is  a  position 
vector  measured  from  the  center  of  the  earth.  The  terms  -20  x  u 
and  -Cl  x  [O  x  r]  are  the  Coriolis  and  centrifugal  forces,  respec- 
lively,  and  F  denotes  all  other  external  forces. 

The  overall  energy  conservation  equation  is: 

(D/Dt)(cyT)  +  pV.  u  =  V  •  3  +  $+Qr  +  Qg  ’  (3-10) 

where  cv  is  the  specific  heat  at  constant  volume  per  gram;  q  is  the 
total  heat  flux  vector: 

^  =-KVT  +  DT  ,  (3-11) 

with  K  the  thermal  conductivity  coefficient  and  the  thermal  dif- 
fusion  term  (which  can  usually  be  neglected);  <$>  (which  contains  a 
proportionality  constant  equal  to  the  viscosity  coefficient,  /j )  is  the 
Rayleigh  dissipation  function  (see,  for  example,  Reference  3-6, 
p.  347,  Eq,  (29)  );  Qr  is  the  net  rate  of  radiant  energy  absorption 
per  gram;  and  Qq  is  the  net  rate  of  chemical  energy  evolution  per 
gram. 

Finally,  the  equation  of  state  is  the  ideal  gas  law: 

p  =  ftTp/m  ,  (3-12) 

where  m  =  mean  mass  of  an  "air  molecule". 


3.2.4  The  Inviscid  Approximation  to 
the  Hydrodynamic  Equations 

The  hydrodynamic  equations  as  written  above  are  too  general  and 
difficult  to  be  useful  in  describing  atmospheric  phenomena.  Accord¬ 
ingly,  it  is  customary  to  make  a  number  of  approximations.  First 
the  effect  of  viscous  dissipation  is  neglected,  which  is  satisfactory 
if  the  Reynolds  number  is  sufficiently  large.  The  Reynolds  number 
Re  is  defined  as  the  ratio  of  inertial  to  frictional  for  ce.  For  motion 
with  speed  u  in  the  x-direction,  the  inertial  force  per  unit  volume 


3-5 


DNA  1948H 


is  (pudu/Sx)  and  the  frictional  force  due  to  shear  viscosity  is 
(pd' Wciy^)  .  Thus  for  motion  of  length  scale  d  : 

„  inertial  force  p u5u/6x  pu  /  d  '  ,  . 

Re  =  - r-7 - —  - - - -  pud/ji  .  3-13 

frictional  force  -  ^ 


fl9^u/3y^  pu/d* 


Evidently  for  Re  >>  1  one  may  ignore  the  effect  of  viscous  dissipa¬ 
tion.  Now  elementary  kinetic  theory  gives  { see,  for  example,  Ref¬ 
erence  3-4,  chapter  1): 

M  =  OLypcZ m  ,  (3-14) 

where  0ty  is  a  numerical  coefficient  of  the  order  of  unity;  c  is  the 
mean  thermal  speed  which  is  roughly  equal  to  the  sound  speed  c 
(~300  m/sec  at  T  “*  300  K);  while  J&m  is  the  gas-kinetic  mean  free 
path  (~10“5  cm  at  sea  level,  ~10  cm  at  100  km  altitude).  Thus: 

Re  ~  (u/c)(d/Xm)  ,  (3-15) 

and  for  typical  meteorological  conditions,  u  ~  10-100  ml  sec,  d  ~ 

1  km,  jo  that  Re  >>  1  and  the  neglect  of  viscous  dissipation  is  a 
satisfactory  approximation;  for  Re  10^  -  1Q&  the  flow  becomes 
turbulent,  and  turbulence  is  a  major  problem  in  the  atmosphere, 
which  is  considered  in  Section  3.  5. 

When  viscous  effects  are  neglected,  the  equation  of  motion  , 
Equation  (3-8),  becomes; 

p  (Du/ Dt  +  2[0  x  u  ]}  =  -Vp  +  pg  +  pF '  ,  (3-16) 

'  -'w  /v  ~  »v 


where  the  (generally  small)  centrifugal  force  term  0  x  x  r  ]  of 
Equation  (3-9)  has  been  discarded,  although  it  can  be  combined  with 
7p  to  form  an  effective  pressure  since  it  can  be  written  as 
l/27[fj  x  r]Z  . 

If  energy  transfer  by  heat  conduction,  radiation,  and  chemical 
reaction  can  also  be  neglected  (which  is  true  for  sufficiently  large 
scales  of  motion),  the  energy  equation  (3-10)  maybe  replaced  by 
the  lsentropic  equation  of  state: 
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Dp/Dt  =  c2Dp/Dt  , 


(3- 17) 


with: 


c2  =  y p/p  =  y-ftT/m  =  ygH  ,  (3-18) 

where  c  is  the  sound  speed,  y  is  the  ratio  of  principal  specific 
heats,  and  H  =  fiT/mg  (—7  km)  is  the  atmospheric  scale  height. 

Equations  (3-7),  (3-  1 6),  and  (3-17)  are  sufficient  to  determine 
the  variables  p,  p,  and  u  .  The  temperature  can  then  be  determined 
from  Equation  (3-12). 


3.3  THE  DOMINANT  FLUID  MOTIONS 
IN  THE  ATMOSPHERE 

3.3.1  Elementary  Solutions  of  the 
Hydrodynamic  Equations 

In  discussing  the  dominant  motions  of  the  atmosphere,  it  is  cus¬ 
tomary  and  appropriate  to  use  the  inviscid  equations  of  Section 
3.  2,4.  The  only  simple  solutions  correspond  to  the  static  case: 


s/at  =  o;  u  -  o  , 


(3-19) 


and  to  the  linearized  steady- state  case  with  rotation: 
a/3t  =  0;  0(u2)  =  0  . 


(3-20) 


In  the  static  case,  the  equation  of  momentum  ( 3  —  1 6 )  reduces  to; 


dp/dz  -  -gp  , 


(3-21) 


and  combining  this  with  the  equation  of  state  (3-12),  one  obtains 
dp/dz  =  -p/H,  where  H  is  the  atmospheric  scale  height  of  Equation 
(3-18).  This  can  be  integrated  to  give: 


/z 

dz/H  j 


(3-22) 


where  pj  (and  p ^ )  are  values  at  z  =  zj  .  If  variations  in  T  ,  m  , 
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an.'  g  ar  •  .  octed  over  the  integration  interval,  the  scale  height 
H  becomes  a  constant  and  Equation  (3-22)  simplifies  to: 

p/pj  «  plpi  =  exp  {-(a-ZjJ/H}  .  (3-23) 


This  is  a  crude  approximation  because  the  actual  scale  height  varies 
by  a  factor  of  two  between  50  and  150  km  altitude. 


In  the  linearized  steady-state  case  of  Equation  (3-20), 
tion  of  motion  (3-16)  gives; 

op/dx  =  0  (a) 

3p/3y  =  -2Qpuxsin(0)  (b) 

3p/3z  =  -gp  -  2flpu  sin(0)  sin(6)  (c)  , 


the  equa- 


(3-24) 


where  0  is  the  latitude  and  0  the  angle  between  the  wind  direction 
(here  called  the  x-direction)  and  north,  or  the  axis  of  rotation  of 
0.  Thus  as  a  result  of  a  horizontal  pressure  gradient  3p/3y  ,  there 
arises  a  horizontal  wind  ux  perpendicular  to  the  pressure  gradient, 
and  of  magnitude  given  by  Equation  (3-24b).  This  is  the  g^ostiophic 
wind,  an  important  feature  of  the  general  circulation  of  the  tropo¬ 
sphere,  although  of  doubtful  importance  in  the  upper  atmosphere. 


3.3,2  The  General  Circulation  of  the 
Middle  Atmosphere  (Stratosphere 
ond  Above) 


The  sources  and  sinks  of  energy  in  the  stratosphere  and  meso- 

n  *  r>  nrrMrtrlt»^  Kir  +Kp  minor  cnpri  pc  fOn  ariH  O - 

"r**-*  “  •  w  .  -  —  • — »  ~  ©  “  "  /  — /  -*■*■-  -------  -  -  r  • —  -  '  4,  — -  ^  * 

which  absorb  both  sunlight  and  earthshine  and  ultimately  re- radiate 
the  energy  in  the  infrared,  near  15  pm  and  9.  6  pm,  respectively.  In 
the  thermosphere,  the  most  important  absorbers  of  radiation  are 
as  well  as  CO^  (insofar  as  it  is  not  photodissociated),  while  the 
important  infrared  emitters  are  CO^,  OH,  and  spin- excited  atomic 


oxygen  (Ol/P^  Qj 


or 


'Pz3)  (cf.  Chapter  10,  Table  10-8). 


These  radiative  energy  sources  and  sinks  vary  with  latitude  and 
height  and  hence  produce  pressure  gradients  and  atmospheric 
motions. 
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The  main  motions  are  indicated  in  Figure  3-1,  which  shows  the 
principal  atmospheric  wind  fields  between  30  and  100  km  altitude, 
derived  primarily  from  direct  measurements  using  a  variety  of  tech¬ 
niques,  e.  g.  ,  observations  of  smoke  trails,  rocket  grenades,  and 
chemical  releases  from  rockets;  radio  observations  of  meteor  trails; 
tracking  of  constant-level  balloons;  etc,  (See,  for  example,  Refer¬ 
ent  e  3-7.)  The  prevailing  wind  tends  to  be  zonal  (i.  e. ,  east-west, 
horizontal)  at  mid-latitudes,  with  speeds  of  10-100  m/sec;  this  wind 
is  the  so-called  jet  stream  which  arises  from  the  temperature  gra¬ 
dient  associated  with  the  change  in  altitude  of  the  tropopause  (the 
temperature  minimum  marking  the  top  of  the  troposphere)  between 
mid  and  high  latitudes.  The  position  of  the  jet  stream  tends  to  show 
an  oscillation  with  a  3-7  day  period  correlated  with  the  changes  in  the 
general  circulation  pattern. 

In  addition  to  these  zonal,  horizontal  winds,  there  are  Other  north- 
south  horizontal  winds  associated  with  the  general  pattern  o£  equator¬ 
ial  heating  and  polar  cooling  and  the  induced  convection  cells  ("Had- 
ley  cells")  located  in  a  north-south  plane;  typically  there  are  three 
such  cells  between  the  equator  and  each  pole,  so  that  the  horizontal 
scale  of  one  cell  is  some  3000  km,  while  the  vertical  scale  is  10-30 
km.  Thus  the  local  winds  tend  to  be  mainly  horizontal,  with  a  ver¬ 
tical  component  10“3  -10“^  times  the  horizontal  one. 

3.3,3  Locol  Winds  and  Wind  Shears 

The  examination  of  actual  wind  profiles  measured  over  a  short 
time  scale,  i.e.,  of  periods  of  the  order  of  minutes,  reveals  that 
the  general  characteristics  remain  the  same.  The  winds  are  pre¬ 
dominantly  horizontal,  with  speeds  up  to  100  m/ sec,  but  very  sig¬ 
nificant  short-term  variations  occur  in  the  magnitude  and  direction 
of  the  winds  and,  in  particular,  there  are  strong  wind  shears.  Some 
typical  pictures  of  these  variations  are  given  in  Figure  3-2,  which 
shows  the  vertical  structure  in  the  horizontal  winds,  and  indicates 
gross  wind  shears  0ds  of  the  order: 

du(horiz.  )/dz~10-100m/secper  10  km,  orl0'^-l0'^sec“l  . 

(3-25) 

Because  of  experimental  l\mitatsons,  these  values  are  lower  bounds, 
determined  by  the  esoiutio,.  limits  of  the  experimental  arrangements. 
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Figure  3-1 .  ^.otitudinal  cross-section  of  mean  zonal  winds  (m  sec  ),  30-120  km 
•3t  the  solstices  (after  Murgatroyd,  Reference  3-9). 
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Figure  3-2o.  Horizontal  wind  components 
in  a  verticol  plone  normol  to 
the  line  of  sight,  onone  repre¬ 
sentative  occosion.  Derived 
by  Lilierond  Whipple  (Refer¬ 
ence  3-13)  from  the  distor¬ 
tion  of  o  long-enduring 
meteor  troil . 


Figure  3-2b.  Vertical  wind  shears  bosed  on  sodium  cloud  doto  from  Wallops 
Isiond.  Vector  sheors  were  computed  for  A-  1  km  ond  platted 
for  eoch  kilometer  of  elevoticn,  N  is  number  of  observations 
(Reference  3-14). 
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The  small-scale  structure  in  upper  atmospheric  winds  arises 
from  local  atmospheric  variations  in  heating  and  cooling,  as  well  as 
from  the  propagation  of  disturbances  from  the  lower  atmosphere. 

Many  of  the  variations  that  are  seen  as  weather  in  the  troposphere 
are  damped  out  or  reflected  it.-.  going  up  and  never  pass  through  the 
tropopause,  but  some  of  these  effects  do  propagate  upwards,  gener¬ 
ally  with  increasing  amplitude  associated  with  the  change  in  density. 
These  phenomena  become  noticeable  in  the  upper  atmosphere  as  tides, 
gravity  waves,  or  acoustic  waves,  on  steadily  decreasing  time  scales, 
and  t;.ese  effects  are  discussed  below  in  Section  3.  4. 

Wind  shears  are  important  as  the  primary  source  of  atmospheric 
turbulence,  which  is  treated  in  Section  3.  5.  Moreover,  it  has  been 
shown  that  under  certain  conditions  the  heating  of  the  thermosphere 
at  altitudes  near  100  km  by  frictional  damping  of  wind  shears  may  be 
even  larger  than  atmospheric  heating  by  the  absorption  of  solar  ultra¬ 
violet  radiation  (References  3  -10,  3-11). 

A  fu1.  ther  possible  aeronomic  significance  of  wind  shears  in  the 
lower  thermosphere  is  the  production  of  thin  horizontal  layei  s  of 
ionization  due  to  the  interaction  of  wind  shears  with  the  geomagnetic 
field,  which  has  been  suggested  as  a  possible  cause  of  mid-latitude 
sporadic  E  .  (See,  for  example,  Reference  3-14,  pp.  401  ff.  ) 

3.4  WAVE  MOTIONS  IN  THE 
ATMOSPHERE 

The  exploration  of  the  upper  atmosphere  in  the  1950's  and  1960's, 
mainly  by  rockets  and  satellites,  provided  a  much  more  complete 
understanding  of  this  region  than  had  existed  earlier.  The  U.  S.  1964 
(Reference  3-J5)  and  CIRA  19t>5  (Reference  3-16)  Standard  Atmos¬ 
pheres  now  provide  a  satisfactory  model  for  mean  conditions  in  the 
upper  atmosphere.  Furthermore,  the  average  deviations  about  the 
respective  means  have  been  studied.  (See  the  1966  Supplement  to 
the  U.  S.  1964  Standard  Atmosphere  (Reference  3-17),  or  Chapter  4 
onthe  CIRA  1971  Standard  Atmosphere.)  The  next  question  concerns 
the  time  variation  of  these  deviations,  and  this  leads  to  the  subjects 
of  tides,  gravity  waves,  and  acoustic  waves. 

In  discussing  smaller  -  s  calc  wave  motions,  a  number  of  simplifi¬ 
cations  are  possible.  In  particular,  the  waves  considered  are  re¬ 
stricted  to  those  having  wavelengths  much  smaller  than  the  earth's 
radius,  periods  much  smaller  than  a  day,  and  the  amplitude  oi  the 
tluctuation  of  any  quantity  very  much  smaller  than  its  mean  value, 
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The  first  two  restrictions  permit  the  rotation  and  curvature  of  the 
earth  and  the  temporal  behavior  of  the  tidal  generating  functions  to 
be  neglected,  and  the  third  restriction  allows  the  hydrodynamic 
equations  to  be  linearized.  Finally,  it  is  assumed  that  the  effects  of 
viscosity,  convective  and  radiative  heat  transfer,  and  chemical  re¬ 
actions  may  be  neglected  to  the  lowest  order. 

For  tidal  motions,  which  have  periods  that  are  approximately  di¬ 
urnal  {24-hour  period),  semi-diurnal  {12-hour  period),  or  possibly 
even  of  higher  order,  it  should  be  noted  that  any  satisfactory  analy¬ 
sis  must  incorporate  both  the  driving  forces  (i.  e.  ,  radiation  in  the 
case  of  solar  tides  which  are  produced  by  the  absorption  of  sunlight 
by  stratospheric  ozone  and  tropospheric  water,  and  lunar  gravita¬ 
tional  attraction  in  the  case  of  lunar  tides),  and  also  the  curvature 
and  rotation  of  the  earth  {on  account  of  the  large  scale  of  the  motions). 
{For  extensive  discussions  of  tides,  see  Eckart  {Reference  3-18), 
Eindzen  and  Chapman  {Reference  3-19),  Siebert  {Reference  3-20), 
Wilkes  {Reference  3-21),  and  references  cited  therein.) 


Small-amplitude  atmospheric  wave  motions  are  treated  by  use  of 
the  hydrodynamic  equations  presented  above  in  Section  3.  2.4,  lead¬ 
ing  to  .jolutio  \s  which  consist  of  an  unperturbed  background,  denoted 
by  a  subscript  {o)  ,  and  a  small  perturbation  denoted  by  a  super¬ 
script  { '),  so  that; 


P  =  Po  +  '» 


P  =  Pn  +  P 


u  =  u 


(a) 

(b) 

(c) 


(3-26) 


For  simplicity,  steady  winds  and  temperature  differences  are  neg¬ 
lected.  Then  the  static  solutions  of  Section  3.  3.  1  give: 

P0’  0O  ~  e"Z/H  *  H  =  c02/yg  ,  (3-27) 

where: 

co  =  trp0/Po>1/z  <3-28> 

is  the  sound  speed  in  the  unperturbed  medium.  The  equations  for 
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the  perturbation  term  can  be  Linearized  by  dropping  second  and  higher 
order  terms  in  p*,  p‘,  u  . 


This  leads  in  turn  to  solutions  of  the  form: 


p'/pQ  ,  p'/p0  , 


u '  /  u 

c 


jz/ 2H  .ei(oot  -  k'r), 


(3-29) 


where  the  frequencies  00  and  wave- number  vector s  k  satisfy  the  fol¬ 
lowing  dispersion  relation:  * 

co2kz2  =  c°2' wa?’‘ co2<kx2  +  ky 2)<W2-N2)/w2  .  (3-30) 


Here: 


ooa  =  o0/2H  -  1  / 2 v1  /2g(P0/p0)1/2  i  (a) 

n  =  L(y- U1/2/y]c  /H  =  l(y- i)/y]l/zg(po/p0)1/2  .  (b) 


(3-31) 


The  term  N  is  the  "Brunt- Vaisala  frequency",  and  1/N~5  minutes 
in  the  atmosphere.  For  y  =  1. 4,  00,  /N  =■  1.  1,  so  that  the  two 

a 

characteristic  frequencies  are  fairly  close  together. 


The  dispersion  relation  (3-30)  permits  different  classes  of  solu¬ 
tions: 


(a)  Acoustic  modes  (go  »  N).  In  the  high-frequency  limit  these 
waves  are  the  analog  of  "ordinary"  sound  waves  in  an  iso¬ 
tropic,  compressible  medium.  Physically  they  correspond 
to  a  vertical  wavelength  very  much  less  than  the  scale 
height  H  ,  so  that  they  do  not  "see"  the  atmospheric  strat¬ 
ification  arising  from  gravity.  In  the  high-frequency  limic 
the  dispei  ,ion  relation  (3-30)  reduces  to: 


’-The  dispersion  relation  (3-30)  is  obtained  by  inserting  the  perturba¬ 
tion  ansatz  of  Equation  (3-26)  in  the  dissipationless  ("Euler")  equa¬ 
tions  of  motion  of  Section  3.  2,  in  particular  Equations  (3-7),  (3-16), 
and  (3-17).  Only  terms  linear  in  the  small  quantities  p  ,  p  ,  u  are 
kept  and  for  these  the  ansatz  (3-29)  yields  the  result  (3-30). 
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W2~  CD2  k2  +  XaZ  ~  cQ2  k2  ,  (3-32) 

as  in  the  case  of  sound  waves,  so  that  the  group  velocity  is 
just  the  ordinary  sound  speed  cQ  . 

(b)  Internal  gravity  modes  (u)  <  Of.,).  In  the  low-frequency  limit 
in  particular  these  waves  exist  also  in  an  incompressible 
medium,  since  the  restoring  force  associated  with  this 
motion  is  buoyancy  rather  than  compressibility,  as  in  the  case 
of  sound  waves,  or  acoustic  modes.  The  dispersion  rela¬ 
tion  is  different;  in  the  low-frequency  limit  it  is: 

W2~(kx2+ky2)  N2/[h2+Waii/co2]  ~g(kx2+ky2)/Ak2+B)  ,  (3-33) 

where  A  and  B  are  functions  of  the  medium;  it  is  apparent 
that  this  dispersion  relation  is  quite  different  from  that  of 
a  cound  wave.  It  may  be  noted  that  the  vertical  wavelength 
will  be  of  the  order  of  the  scale  height  H  -  IcT/ing  ,  i.  e.  , 
these  are  fairly  large-scale  motions  which  "see"  the  aniso¬ 
tropy  due  to  gravitational  stratification. 

(c)  Surface  waves  (N  <  CO  G0a).  1°  this  rather  narrow  frequency 

range  neithe.  acoustic  nor  gravity  waves  propagate,  but 
there  are  different  kinds  of  surface  waves  ("Lamb  modes", 
etc.  )  which  do  not  have  a  phase  velocity  in  the  vertical  direc¬ 
tion.  (For  a  more  detailed  discussion,  see  References  3-18, 
3-22,  or  3-23. ) 

The  earth's  atmosphere  is  not  isothermal,  and  thus  both  N  and 

(0  i/arv  with  altitude  which  leads  t.o  a  certain  amount  of  ducting 
a  '  “ 

(horizontal  propagation)  of  waves  within  the  atmosphere,  frequently 
guided  by  an  effective  surface  at  about  120-140  hrn,  where  N  varies 
rapidly  with  height.  (For  a  discussion  of  both  the  ducting  and  the 
surface  propagation,  see  Reference  3-24.) 

The  presence  of  wind  shear  gives  rise  to  a  layer  in  which  the 
speed  of  propagation  equals  the  wind  velocity.  Observations  have 
shown  peculiar  features  in  this  layer,  called  the  critical  layer, 
similar  to  the  critical  layer  in  a  boundary  layer.  The  analysis  of 
gravity-wave  propagation  in  the  critical  layer  is  inadequately  developed. 
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The  single  most  important  characteristic  of  the  atmospheric  wave 
motions  is  represented  by  Equation  (3-29),  which  gives: 


That  is,  the  amplitude  of  velocity,  pressure,  and  density  fluctuations 
increases  with  increasing  height,  but  in  such  a  manner  that  tne 
kinetic  energy  density  pQu^  remains  constant  because  P0'v'e~Z/^. 

Thus  the  importance  of  wave  motions  is  likely  to  increase  with  in¬ 
creasing  altitude,  at  least  up  to  such  high  altitudes  that  attenuation 
mechanisms  become  important. 

Disturbances  due  to  ir  regularities  in  atmospheric  flow  at  compara¬ 
tively  low  altitudes  propagate  at  a  small  angle  to  the  local  horizon¬ 
tal;  study  of  the  energy  flow  arising  from  the  dispersion  equation 
reveals  that  this  is  at  an  angle  0.  1°  to  1°  to  the  horizontal.  (See, 
for  example,  Reference  3-22,  Figure  6.  10.)  Owing  to  relation 
(3-34),  the  motion  in  a  generally  upward  direction  tends  to  be  more 
important  from  tea  standpoint  of  energy  transfer  than  that  going 
down.  A  typical  example  of  this  behavior  is  seen  in  Figure  3’  2a, 
where  a  wind  pattern  observed  from  radio  meteor  trails  shows  a 
wavelike  structure  with  amplitude  increasing  with  height. 

There  exist  many  pieces  of  evidence  for  the  occurrence  of  acous¬ 
tic-gravity  waves  and  tides  in  the  atmosphere;  a  representative  list 
is  shown  in  Table  3-1.  Lists  of  possible  mechanisms  for  the  genera¬ 
tion  and  attenuation  of  these  waves  are  given  in  Tables  3-2  and  3-3, 
respectively;  it  must  be  stressed  that  both  the  detailed  nature  and 
the  relative  importance  of  all  these  mechanisms  are  not  fully  under¬ 
stood.  it  should  be  noted  that  in  addition  to  the  wave  motions  con- 
cider  ed  her??,  thsrs  3.rc  2.1s q  plinstiry  wives  v/ith.  per  of  1 

days  (cf.  References  3-25,  3-26),  and  infrasonic  waves,  which  are 
acoustic  modes  of  periods  of  order  0.  1  to  10  sec  (cf.  Reference 
3-27).  These  modes  have  not  beer,  observed  at  high  altitudes. 

Regarding  the  energy  flux  and  spectrum  of  acoustic  gravity  waves, 
the  information  available  is  incomplete,  partly  because  of  the  vari¬ 
ability  of  the  effects.  Some  data  on  the  spectrum  of  waves  at  sea 
level  are  shown  in  Figure  3-3;  at  80-105  km  Leovy's  (Reference 
1-47)  estimate  is  useful,  viz.,  that  energy  fiuxes  due  to  tides  (per¬ 
iods  of  12  and  24  hours,  mainly)  and  gravity  waves  (periods  of  5  min 
^  1/  N,  the  Brunt- Vaisala  period,  to  several  hours)  are  roughly 
equal  when  averaged  over  time  and  iatitude,  each  being  of  the  order 
oi  5  erg/cm^-sec.  However,  a  later  survey  (Reference  3-3)  stresses 
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the  variability  and  uncertainty  of  this  energy  flux.  These  rough 
figures  may  be  compared  with  the  solar  radiant  energy  absorptance, 
which  for  80-105  km  is  of  the  order  of  15  erg/cm^-sec,  so  that 
gravity  waves  may  indeed  be  important  for  energy  transfer  at  these 
and  higher  altitudes,  if  mechanisms  exist  for  extracting  energy 
from  the  wave  motions. 


Table  3-1 .  Evidence  for  the  occurrence  of  gravity  waves  and  tides 
in  the  atmosphere. 


Observation 

Altitude  Range 

References 

(a)  Gravity  Waves 

(a.l) 

Wave  structure  on  clouds 

0-10  km 

(a.  2) 

Pressure  variations  observed 
on  microbarographs 

low  altitudes 

(a. 3) 

Mountain  waves  (well  known 
to  sailplane  pilots) 

0-10  km 

(a. 4) 

Rocket  grenades 

60-70  km 

3-28 

(a. 5) 

Wave  patterns  on  nocti  lucent 
clouds 

80-90  km 

3-29 

(a. 6) 

Meteor  trails  and  chemical 
releases  show  winds  with  a 
wave  structure 

80-160  km 

3-14 

(o.7) 

Occasional  sinusoidal  varia¬ 
tion  in  ion  temperature 
observed  on  satellite -borne 
instruments 

200-250  km 

3-30 

/*.  q\ 

Vs-  •  w/ 

TU—a- _ 44 _ I _ ~\ - 

•  MWHUW,  i-^vunci  tisvIUI  W.1GI  ' 

vations  of  waves 

r~M?ySvn 

(200-300  km) 

"i  h  i 

0-0  1 

(a.9) 

Various  ionospheric  irregular¬ 
ities,  such  as  Sudden  Ionos¬ 
pheric  Disturbances  (SID's) 

200-300  km 

3-27,  3-32 

(a.  10) 

Certain  ionospheric  distur¬ 
bances  correlate  with  severe 
local  storms  in  the  troposphere 

F2 -region 

3-27  (pp.  171-8), 
3-33 

(b)  Tides 

(b.l) 

Pressure  variations  observed 
on  microbarographs 

low  altitudes 
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Toble  3-1 .  (Cont'd.) 


Observation 

Altitude  Range 

References 

(b)  Tides  (Cont'd.) 

(b.2)  Meteor  trails 

80-120  km 

3-22  (Chop. 6), 

3-34 

(b.3)  Electron  temperature  in  the 

E -region 

100-150  km 

3-35 

Toble  3-2.  Possible  mechonisms  for  the  generation  of  gravity  v/oves 
in  the  otmosphere. 

(a)  Winds  blowing  transversely  over  mountain  ranges,  or  equivolent 
effects  on  the  oir  motion  produced  by  worm  cities,  etc.,  either 
directly  or  by  vortices  produced  by  oir  flows  over  non-uniform 
surfaces  {cf.  Reference  3-18,  p.  120). 

(b)  Volconic  eruptions,  thunderstorms,  hurricones,  typhoons,  torna¬ 
does,  ond  similor  diomotic  meteorologicol  disturbances. 

(c)  Temperoture  inversions  in  the  lower  portion  of  the  otrnosphere 
produce  o  fluctuating  wind,  which  correlotes  with  gravity  woves 
observed  on  clouds  at  the  lower  levels  (cf.  Reference  3-18, 

P.  121). 

(d)  Solar  heoting  ond  photodissociotian  with  the  strotosphe re/meso¬ 
sphere,  leoding  to  locol  expansion. 

(e)  Photochemical  "pumping'*  by  either  oxygen  dissociotion  (Refer¬ 
ence  3-36)  or  ozone  dissociotion  (Reference  3-37). 

(f)  Auroral  currents  (References  3-38  ,  3-39). 

(g)  Turbulent  motion  in  the  55-60  km  oltitude  region  cf  the 
otmosphere  (Reference  3-40). 
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Toble  3-3.  Possible  mechanisms  for  the  dissipation  of  atmospheric 
gravity  wovds. 

(a)  Mode  coupling,  i.e.,  nonlinear  processes  in  which  energy 
passes  from  ane  wave  into  others. 

(b)  Frictianai  damping,  produced  by  viscosity  ond  thermol  con¬ 
ductivity  (cf.  Reference  3-41). 

(c)  Generation  of  turbulence  (cf.  References  3-42,  3-43). 

(d)  Vibrotionol  relaxation  (cf.  Reference  3-44;  see  also  Item  (e) 
in  Toble  3-2). 

(e)  Plosma  damping  effects  (cf.  Reference  3-45). 

(f)  Radiation  damping  (cf.  Reference  3-46). 
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HORIZONTAL  WIND  SPEED  SPECTRA 
Figure  3-3.  Wind  speed  spectra  ot  seo  level . 
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There  appears  to  be  a  significant  flux  of  gravity  waves  in  the  F- 
region,  where  it  drives  certain  ionospheric  wave  motions,  the 
"Traveling  ionospheric  Disturbances"  (TID's).  If  efficient  mechan¬ 
isms  exist  for  driving  these  waves,  they  may  originate  from  higher 
altitudes,  even  from  the  magnetosphere  or  from  auroral  bursts,  in 
view  of  the  inversion  of  electron  density  with  height  at  a  maximum 
around  300  km.  However,  it  seems  more  likely  that  the  waves 
originate  at  low  altitudes  and  are  not  all  attenuated  in  passing  upward 
through  the  100-200  km  altitude  range. 

The  known  significant  effects  of  gravity  waves  may  be  summarized 
as  follows: 

(a)  The  waves  produce  high- altitude  velo^.  y  fluctuations  which 
lead  to  a  number  of  effects,  listed  in  Tab  e  3-1. 

(b)  In  particular,  :it  altitudes  below  90-120  km  the  gravity 
waves  may  be  responsible  for  wind  patterr  c  that  produce 
local  instabilities  which  lead  to  turbulent  mixing  in  the 
atmosphere.  This  relatively  efficient  mixing  is  the  main 
mechanism  for  establishing  the  "homosphere",  the  coarsely 
uniformly  mixed  atmosphere  below  these  altitudes. 

(c) For  altitudes  above  100  km,  gravity  waves  and  tides  (cf. 
Reference  3-50)  can  provide  a  significant  mechanism  for 
vertical  energy  transfer. 

( q/  iite  character  of  Sporadic-E  events  is  determined  partly 
by  wind  shears  and  partly  by  atmospheric  mixing,  both  of 
which  are  clearly  related  to  effects  associated  with  gravity 
W  a  V  CG» 


(e)  In  the  F-region,  gravity  waves  give  rise  to  particular 
motions  of  ionization,  i.  e.  ,  the  Sudden  and  Traveling  Iono¬ 
spheric  Disturbances,  and  evidence  exists  that  F-region 
ionospheric  disturbances  correlate  with  severe  storms 

in  the  troposphere  (cf.  Reference  3-27,  pp.  171-178;  and 
Reference  3-33). 

(f)  Gravity  waves  may  also  influence  the  vertical  transport  of 
minor  species  (cf.  Reference  3-51). 
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3.5  ATMOSPHERIC  TURBULENCE 
3.5.1  Introduction 

In  general  a  fluid  is  considered  to  be  in  turbulent  motion  when  its 
movement  is  so  irregular  that  the  velocity  at  any  given  position  and 
time  in  the  fluid  is  not  found  to  be  the  same  when  it  is  measured 
several  times  under  seemingly  identical  conditions;  however,  the 
average  properties  of  the  motion  are  determined  uniquely  by  the  initial 
and  boundary  conditions.  These  motions  may  be  amenable  to 
description  by  statistical  methods.  * 

In  turbulent  motion  eddies  of  varying  sizes  tend  to  move  about 
as  entities,  while  simultaneously  breaking  up  and  transferring  their 
energy  to  smaller  eddies.  Eventually  the  eddies  become  so  small 
that  viscous  dissipation  transforms  their  energy  of  motion  into  ran¬ 
dom  thermal  motion  or  heat. 

If  the  velocity  u  and  pressure  p  aie  expressed  as  the  sum  of 
appropriate  mean  values  u  and  p  and  fluctuations  u ' ,  p'  : 

u  =  "u  +  u  '  (a) 

(3-35) 

P  =  p  3-  p',  (b) 

then  for  an  incompressible  fluid  the  equations  of  continuity  for  the 
velocity  components  u^  (i  =  x,  y,  z)  are  (the  summation  convention 
over  repeated  indices  is  not  used  here): 


*One  important  but  specific  problem  which  is  well  known  to  aerody- 
namicists  deals  with  the  onset  of  turbulence  in  shear  flow.  Here 
turbulence  sets  in  when  the  magnitude  of  inertial  forces  sufficient¬ 
ly  large  compared  to  the  viscous  dissipative  forces.  The  fluctuations 
in  the  motion  will  be  significant  if  viscous  damping  is  sufficiently 
small,  and  the  criterion  for  the  onset  of  shear  turbulence  is  nor¬ 
mally  expressed  in  terms  of  the  Reynolds  number,  Re,  (Section 
3.2.4),  in  that  Re  >  Recr^  is  required  for  shear  turbulence  to  be 
established.  However,  it  must  be  stressed  that  atmospheric 
turbulence  is  a  different  kind  of  unstable  motion.  The  criterion 
for  its  onset  is  usually  expressed  in  terms  of  the  Richardson's 
number,  Ri,  of  Equation  (3-46),  and  this  does  not  involve  the 
viscosity  directly. 
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E^du^/oxf)  =  0 

du-/6t  +  Lj  Uj3uj/3xj  =  -(l/p)9p/5xj 

+  Ej  (9/ 5xj)[p3u^/3xj  -  \x[vJ ]  ; 

r.Ouj/dxj)  =  o 

du/ /dt  +E  •  u.du//5x.  =  -E  •  u/ duj/dx: 

-  (1  /p)dp  *  /  dxj  +  PV  u/ 

~  L  :  (  0  /  dx . )  [ u/ U.'  -  u/  u/] 

J  J  J  J 

Here  P  2  p/p  is  the  kinematic  viscosity.  The  quantity  [-pLu/  u/]} 
is  called  a  "Reynolds  stress"/*  and  an  eddy  viscosity  K  is  introduced 
by  the  relation: 

-u[n-  s  Kdu./dx.  .  (3-38) 

This  eddy  viscosity  K  is  somewhat  analogous  to  the  kinematic  vis¬ 
cosity  p  in  determining  appropriate  stresses  and  dissipation  rates. 
However,  this  analogy  must  not  be  taken  beyond  its  appropriate  limits: 
molecular  viscosity  (denoted  by  terms  in  p)  applies  to  arbitrary 
flows  u  ,  while  eddy  viscosity  (denoted  by  terms  in  K  )  applies 
only  to  the  appropriately  averaged  flows  u  .  Furthermore,  K  may 
not  be  a  constant  and  may  depend  explicitly  on  the  sti*ucture  o£  the 
turbulence.  (See  also  Reterence  3-52.  } 

/  •  ... 

insotar  as  the  fluctuation  terms  u  ,  p  are  not  negiigituy  small, 
the  equations  for  u^  and  uj  are  non-linear,  and  thus  extremely 
difficult  to  solve.  The  principal  interest,  however,  lies  in  statisti¬ 
cal  quantities,  since  detailed  information  with  arbitrarily  fine  space- 
and  time- resolution  would  not  be  particularly  useful. 

Multiplying  Equation  (3-37b)  by  u-7  ,  summing  over  i  ,  transform¬ 
ing,  and  neglecting  terms  arising  from  the  inhomogeneity  of  turbu¬ 
lence  such  as: 

(d/dx-)u/2;  1^5/ox^p'  u/  ;  (o/dx-)u/2u/  , 

J  J  J 


(a) 


(b) 


(3-36) 


(a) 


)  (3-37) 


(b) 
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yields  an  energy  equation: 


(S/at)[l/2Liui^]=-L'iSjui'uj,3ui/axj  -t'£irj(3ui'/cixj)2,  (3-39) 
(i)  (ii)  (iii) 


indicating  that  the  time  rate  of  change  of  turbulent  energy  (i)  is  de¬ 
termined  by  the  balance  between  energy  production  from  wind  shear 
(ii)  (which  may  be  written  as  [-KL^Lj  (3u^/3xj)^j  from  the  definition 
of  Equation  (3-38) ),  and  the  dissipation  of  energy  by  molecular  vis¬ 
cosity  (iii)  (which  is  customarily  denoted  by  (dimension  L2 / T ^ )  ); 

e„  =  HiEj  (Su^/SXj)2  .  (3-40) 


It  is  customary  to  Fourie r-analyze  the  fluctuating  velocity  com¬ 
ponent  and  make  a  spectral  analysis  of  the  turbulent  kinetic  energy. 
Let  F(k)  be  the  spectrum  of  the  turbulent  kinetic  energy  in  wave 
number  (k)  space,  where: 


k  =  2rr/wavelength  ; 


(3-41) 


HiZi  =  /  F(k)  dk 


(3-42) 


The  character  of  a  representative  spectrum  for  homogeneous 
turbulence  is  shown  in  Figure  3-4.  If  the  turbulence  is  driven  by 
(large-scale)  disturbances  of  length  scale  L>  ,  then  a  driving  or 
"non-univer sal  range"  of  turbulence  can  be  defined  for: 


k  <  kQ  -  2tr/L0  . 


(3-43) 


As  the  turbulence  is  dissipated  by  viscosity,  a  "viscous  subrange" 
is  characterised  by: 

k  >  =  (^/l/3)174  ,  (3-44) 

i.  e.  ,  the  size  of  the  smallest  eddies  is  of  the  order  of  Lj,  =  2tr / k^  . 
Between  the  driving  and  dissipating  ranges  lies  th<  "inertial  sub¬ 
range"  in  which  the  eddies  are  downgraded  to  smaller  and  smaller 
sizes  in  a  statistically  uniform  way.  In  the  case  of  homogeneous, 
isotropic  turbulence  in  an  incompressible  medium,  the  spectrum  in 
the  inertial  subrange  is  characterized  by  Kolmogoroff 1  s  law; 
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F(k)Kolm  =  Ae^2/3  k”5/3 


(3-45) 


where  A  is  a  universal  constant. 


3.5.2  Turbulence  in  the  Atmosphere 

The  earth's  atmosphere  is  not  a  homogeneous,  isotropic,  incom¬ 
pressible  medium,  and  therefore  the  simple  model  of  turbulence 
presented  in  the  preceding  subsection  does  not  suffice  to  describe 
the  whole  problem.  Nevertheless,  that  model  does  provide  a  useful 
starting  point  toi  he  analysis;  and  the  two  characteristic  dimensions 
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of  turbulence  discussed  previously,  namely  the  driving  length  LQ  or 
the  related  wave  number  kQ  =  2tt/L0  of  Equation  (3-43),  and  ky  ,  the 
scale  of  viscous  dissipation  of  Equation  (3-44)  or  the  related  length 
Lj,  =  Zn/ kj,  ,  are  stiil  useful  concepts.  Representative  numerical 
values  iu  the  mesosphere  are  hQ  ~  100-1  000m,  Ly  ~  0.  1  -10m  (cf. 
Figure  3-2b). 

The  atmosphere  is  observed  to  be  usually  turbulent  below  the  turbo¬ 
pause  which  is  located  at  100-120  km  altitude.  Above  this  altitude 
molecular  diffusion  becomes  so  rapid,  owing  to  the  low  ambient  den¬ 
sity,  that  it  dominates  turbulent  mixing  on  an  overall  basis.  How¬ 
ever,  it  should  be  noted  that  small-scale  or  microturbulence  has 
been  observed  at  higher  altitudes,  depending  on  the  local  generating 
mechanism;  turbulent  motions  are  thus  found  even  in  the  magneto¬ 
sphere. 

It  should  be  noted  that  the  driving  mechanism  in  atmospheric  tur¬ 
bulence  is  different  in  different  altitude  regions.  Near  the  ground 
there  are  strong  but  small-scale  wind  gradients  which  produce  tur¬ 
bulence,  while  in  the  troposphere,  where  the  temperature  decreases 
vith  altitude,  turbulent  motions  can  develop  without  being  damped  by 
thermal  stratification.  At  higher  altitudes  the  wind  and  gravity  waves 
produce  turbulence;  thus  observations  of  winds  and  wind  shears  from 
rocket  releases  indicate  the  existence  of  a  strongly  turbv.'ent  region 
around  85-120  km  under  most  conditions,  and  to  a  lesser  degree  also 
at  50-55  km  {see,  for  example.  Reference  3-40). 

The  criterion  for  atmospheric  turbulence  is  normally  expressed 
in  terms  of  the  Richardsor' s  number,  Ri  ,  which  is  defined  as: 

Ri  H  L(g/f)<af/dz)  +  (y  -  l)g2/co2]/0)sZ  ,  (3-46) 


where  0US  =  duhorpz/dz  is  the  wind  shear  (cf.  Equation  (3-25)/.  Ex¬ 
periments  show  that  flows  are  unstable  for: 

Ri  <  Ricrit  “*  0.  08-0.  25  .  (3-47) 

The  nature  of  atmospheric  turbulence  changes  significantly  at  the 
tropopause.  Below  this  altitude  (-“11  km),  the  temperature  falls 
off  rather  sharply  with  increasing  height  so  that  typically  Ri<Ricr£t, 
and  thus  massive  atmospheric  instability  leads  to  turbulence.  Above 
the  tropopause  <Ri>av  >  Ricrjt  >  but  turbulence  is  observed  not  in¬ 
frequently  at  higher  altitudes  when  wind  shears  and  thermal  gradients 
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are  appropriate.  In  particular,  this  occasional  mixing  produces  the 
homospherc,  or  coarsely  uniformly  mixed  atmosphere  below  the 
"turbopause"  at  100-120  km. 

An  obvious  question  arises  as  to  the  relation  between  the  Richard¬ 
son's  number  criterion  (Equation  3-47)  and  the  Reynolds'  number 
criterion  (Section  3.  2.4)  for  producing  turbulence.  Tchen  (Refer¬ 
ence  3-53)  finds  that  in  the  atmosphere  the  energy  conservation 
equation  (3-39)  can  be  written  as; 

(o/dt)  [1/22^2]  =  Cs(l  -  4Ri)  +  Cy(Re  -  1)  .  (3-48) 

[term  (i)  of  Equation  (3-39)] 

Instability  clearly  occurs  when  the  total  energy  change  is  positive, 
i.  e.  ,  when  term  (i)  is  positive,  and  this  can  he  achieved  under  dif¬ 
ferent  conditions  relating  Re  ,  Ri  ,  fs  ,  and  .  (It  must  be  stressed 
that  the  model  on  which  this  concept  of  instability  is  based  is  still 
oversimplified,  so  that  turbulence  may  exist  beyond  the  indicated 
criterion  of  stability.) 

The  spectrum  of  atmospheric  turbulence  is  not  completely  char¬ 
acterized  by  Kolmogoroff' s  law  (3-45),  but  rather,  for  k  <  kg  ,  rs 
given  by; 

kg  =  «p"l/2  N3/2  .  (3-49) 

There  is  in  this  case  a  buoyancy  subrange  with  a  spectrum: 

Fbuoy<k>  ~  N'2  k'3  *  for  ko  k  <  kg  *  (3-50) 

whereas  for  k  >  kg  there  is  an  inertial  subrange  characterized  by  a 
Kolmogoroff  spectrum  (cf.  Reference  3-43).  Further  complications 
exist,  which  are  not  discussed  here.  Indeed  the  overall  understand¬ 
ing  of  this  whole  field  of  atmospheric  turbulence  is  undergoing  rapid 
changes. 

3.5.3  Diffusion  of  Artificially  Released 
Chemicul  Clcuds:  Micro  and 
Macroturbulence 

Atmospheric  turbulence  is  of  interest  because  it  provides  a  mix¬ 
ing  mechanism  which  is  often  much  more  effective  than  molecular 
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diffusion.  Thus  it  is  appropriate  to  study  the  rate  of  expansion  of  a 
chemical  cloud.  For  example,  diffusion  in  the  upper  atmosphere  is 
measured  most  commonly  by  watching  the  dispersion  of  a  smoke 
trail,  of  a  luminous  trail  resulting  from  a  rocket  or  grenade  release, 
or  of  the  ionized  trail  of  u  meteor. 

Consider  the  diffusion  of  a  test  species  released  at  some  point. 

In  a  uniform  atmosphere  with  no  wind  and  no  chemical  interaction, 
the  Fiekian  diffusion  equation  is  commonly  used: 

dn/at  =  <7(D?n)  ,  (3-51) 


//here  n  is  the  species  concentration  and  D  the  effective  diffusion 
coefficient. 

For  the  simplest  possible  case  of  one-dimensional  flow  with  con¬ 
stant  diffusivity  D  ,  Equation  (3-51)  reduces  to: 

dn/bt  =  Dd2n/dx^  .  (3-52) 

For  a  point  source  at  x  -  0  ,  t  =  0  ,  this  equation  has  the  solution; 
n  =  (const)(4TTDt)~  2  exp(-x2/4Dt)  , 

giving  the  mean-square  dispersion  as: 
x2  =  2Dt  . 

This  result  (3-54a)  is  valit.  for  distances  large  com¬ 
pared  to  the  turbulent  length  scale  or  (for  molecular 
diffusion)  to  the  molecular  mean  free  path.  For  much 
shorter  distances  the  particles  move  in  a  straight 
line,  so  that: 

^  =  v2t2  , 

where  v  is  the  initial  veloc'ty. 

In  the  case  of  molecular  diffusion,  D  in  Equation  (3-51)  is  re¬ 
placed  by: 


(3-53) 


(a) 


)  (3-54) 


(b) 
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Dmol  =  “dc£m  >  <3'53> 

where  0(^  is  a  numerical  constant  of  the  order  of  unity,  not  neces- 
«arily  equal  to  av  of  the  related  Equation  (3-14),  for  which  the  other 
quantities  wt  re  defined  above. 

For  the  case  of  turbulent  diffusion,  it  might  appear  that  the  dif¬ 
fusion  equation  (3-51)  could  be  used,  with  the  diffusivity  D  equal  to 
the  sum  of  the  eddy  diffusivity  Dg^y  and  of  the  molecular  diffusivity 
Dmoi  •  However,  th:3  is  not  universally  correct,  as  may  be  seen 
by  distinguishing  between  two  cases  which  depend  on  whether  the  ef¬ 
fective  size  of  the  cloud  (or  the  relevant  separation  of  two  test  par¬ 
ticles)  L  is  greater  or  smaller  than  the  largest  effective  scale  of 
turbulence,  LQ  of  Equation  (3-43).  It  is  possible  to  define: 


Microturbulence  for 

L0«  L  ; 

(a) 

Macroturbulence  for 

L0  >>  L  . 

(b) 

In  the  case  of  microturbulence  the  Fickian  diff’  sion  equation 
(3-51)  applies,  but  with  an  appropriate  larger  hv.fc  constant  value  of 
the  diffusivity  D  =  Dg^y  +  Dmoj  •  However,  for  the  case  of  macro- 
iurbuicnce  this  is  no  longer  so:  while  the  small  scales  of  turbu¬ 
lence  (k-1  <  LlZv)  will  change  the  separation  distance  between  a  pair 
of  particles,  the  large  scales  (k“^>  L/2 ft)  will  simply  transport 
them  without  modifying  their  distance  of  separation.  Thus  the  dif¬ 
fusion  coefficient  will  vary  during  the  growth  of  the  cloud.  Upon 
introducing  a  probability  G(^,t)  for  the  separation  distance  t  be¬ 
tween  a  pair  of  particles,  the  diffusion  equation  can  be  written; 

dG/dt  =  (d/8 1)  {D(i)8G/8X}  ,  (3-57) 


in  which  the  effective  diffusion  coefficient  depends  on  the  distance  *■  . 

Since  D  depends  on  the.  spectrum  of  turbulence,  then  for  a  tur¬ 
bulent  power  spectrum  of  the  type: 

F(k|  ~  k” n  , 

dimensional  considerations  give  a  diffusion 
coefficient  of  the  form: 

D(t)  ~  i(n+l)/2 


(a) 


(b) 


(3-56) 


3-28 


CHAPTER  3 


Thus  the  Kolmogoroff  spectrum  of  Equation  (3-45)  gives: 


DKolm(i) 


r  i/3,4/3, 
f  1/  *  > 


(a) 


hence: 

X2  ~  e^Qt3  , 


(b) 


(3-59) 


while  the  buoyancy  f.pectrum  of  Equation  (3-50)  gives: 


Dbuoy<*> 


N.(2  . 


Therefore 


72 


would  increase  rather  rapidly  with 


(3-60) 


It  should  be  noted  that  experimental  data  on  cloud  expansion  under 
different  conditions  give  results  ranging  from  *2  ~t  to  X2  ~  t3  . 
(See,  for  example,  Reference  3-54.) 


3.5.4  The  Effective  Diffusion  Coefficient 
in  the  Atmosphere 

The  actual  problem  of  atmospheric  diffusion  is  not  as  simple  as 
the  idealized  problem  discussed  in  Section  3.  5.  3  because  of  the 
stratification  of  the  atmosphere  and  the  presence  of  (predominantly 
horizontal)  winds. 

The  effect  of  horizontal  winds  should  be  taken  into  account,  but 
this  is  not  easy.  In  particular,  in  actua1  measurements  there  is 
often  a  problem  of  distinguishing  between  fluctuating  winds  and  tur¬ 
bulent  diffusion.  This  is  not  a  trivial  matter  because  in  the  actual 
atmosphere  the  distinction  between  gravity  waves  and  turbulence  is 
not  always  clear-cut. 

A  model  for  the  diffusion  coefficient  as  a  function  of  altitude  is 
given  in  Figure  3-5.  The  results  at  low  altitudes  come  from  meteoro¬ 
logical  data  (e.g.,  smoke  signals,  constant-altitude  balloons),  at 
intermediate  altitudes  from  smoke  trails  and  rocket  grenades,  and 
at  higher  altitudes  (>  70  km)  from  chemical  releases  and  meteor 
trails  (cf.  Reference  3-7).  A  typical  time-scale  of  observations 
is  of  the  order  of  minutes  to  hours,  and  the  ranges  of  data  are  due 
to  the  inherent  variability  of  meteorological  conditions  as  well  as  to 
errors  in  measurement  and  differences  in  time  scales.  Curves  "A" 
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Figure  3-5.  Effective  atmospheric  diffusion  coefficient  D  as  a  function  of  altitude 
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and  "B"  of  Figure  3-5  indicate  plausible  minimum  and  maximum  dif- 
fusivity  values  in  this  altitude  range.  The  variability  of  the  data  may 
reflect  in  part  the  difficulty  of  distinguishing  between  diffusion  and 
convection  induced  by  variable  winds  in  the  meteorological  observa¬ 
tions. 

It  must  be  stressed  that  the  diffusion  coefficients  of  Figure  3-5 
{or  indeed  any  such  quantity)  cannot  be  applied  indiscriminately. 

Thus  in  Figure  3-6  some  representative  data  are  shown,  on  the 
variation  of  D^oriz  with  time  from  one  to  100  hour  s ;  it  is  of  inter  est 
to  note,  in  addition  to  the  time  variation,  the  broad  scatter  of  the 
observations.  For  shorter  time  periods,  the  following  simple  argu¬ 
ment  may  be  considered,  in  terms  of  Prandtl's  "mixing-length 
theory"; 

D  ~  uX  ,  {3-61} 

where  u  ~  1-10  m/sec,  and  X  is  the  "mixing  length".  Thus  D—  10^ 
cm'Vsec  implies  A  ~  10-100  m,  or  T  =  X/u ~  1  - 1 00  s ec.  Ther.it 
would  take  at  least  this  time  (T)  for  turbulent  dispersion  to  occur, 
and  accordingly  the  D  valuer  of  Figure  3-5  or  similar  sources 
should  not  be  used  for  times  shorter  than  the  T  indicated,  viz.  , 

1  -  1 00  sec. 

3.6  EFFECT  OF  TURBULENCE  ON 
CHEMISTRY  IN  THE  UPPER 
ATMOSPHERE 

The  simplest  possible  model  for  species  concentration  inthe  atmo¬ 
sphere  assumes  that  below  some  turbopause  (say,  100-120  km) 
all  chemical  species  are  uniformly  mixed,  while  above  this  turbo¬ 
pause  they  all  tend  towards  diffusive  equilibrium.  Mathematically, 
the  concentration  of  species  j  at  height  z  is  then: 


nj(z)  ~  e  Zo^^av  ,  Hav  =  ftT/mavg  (below  the  (a) 

’.urbopause)  {3.62) 

nj(z)  —  e  ^  o)/HJ  ,  Hj  =  -ftTj/mjg  {above  the  (b) 

turbopause)*  , 


■■'■For  a  non-LTF  gas,  each  component  )  may  have  a  separate 
temperature  Tj  defined  as  Tj  =  PjOnj/pj*.  . 
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where  mav  is  the  mass  of  an  "average  air  molecule"  and  rrij  is  the 
mass  of  a  molecule  of  species  j  ;  zQ  is  some  constant  reference 
altitude.  Note  that  while  Hav  7  km  for  T  250  K,  =10  be¬ 

cause  of  the  mass  ratio,  so  that  a  significant  difference  exists  between 
the  two  limits  of  Equation  (3-62). 


The  simple  models  of  Equation  (3-62)  do  not  represent  the  actual 
species  concentrations;  thus  in  the  present  section  some  of  the 
problems  arising  from  the  interaction  of  diffusion  and  chemistry 
will  be  reviewed  for  the  oxygen  photodissociation-recombination 
process: 


O 2  +  hU  ( solar)  -*  O  +  O 

(a) 

040  +  M->02  +  M 

(b) 

(3-63) 


where  hy  (solar)  represents  all  solar  flux  that  photodissociates  the 
oxygen  molecule,  while  M  is  any  third  body,  atomic  or  molecular, 
acting  as  a  recombination  catalyst.  These  two  reactions  are  not 
only  very  important  in  the  thermosphere,  but  they  also  display  the 
general  problems  involved  in  the  interaction  of  diffusion  and  chem¬ 
istry  in  the  upper  atmosphere. 


In  the  region  above  90  km  the  vertical  distribution  of  and  O 
concentrations,  denoted  by  n^  and  n^  respectively,  may  be  written 
as  a  solution  of  the  following  system: 


Sn2/St  +  ('J/dzHn-^u^)  - 

dnj /6t  +  (3/dz)(njUj^)  =  2(Jn2-0:n^) 


(a) 

(b) 


(3-64) 


Here  only  spatial  dependence  in  the  (vertical)  z-direction  is  con¬ 
sidered,  so  that  u,  and  u?  are  the  vertical  components  of  the  dif¬ 
fusion  velocity  of  O  a  .c1  ,  respectively,  which  involve  the  mole¬ 

cular  and  eddy  diffu3i  vities .  The  molecular  diffusivity  is  calculated 
according  to  classical  theoxy  (cf.  Reference  3-4);  J  and  a  are  ef¬ 
fective  -ate  coefficients  (including  the  solar  flux  and  third-body  con¬ 
centrations/  for  processes  (3-63a)  and  (3—63 b) »  respectively.  The 
earliest  theory  of  molecular  oxygen  dissociation  in  the  upper  atmo¬ 
sphere  was  g.ven  by  Chapman  (References  3-58,  3-59).  The  effects 
of  turbulent  diffusion  were  first  included  by  Colegrove,  Hansen,  and 
Johnson  (References  3-60,  3-61),  who  gave  a  steady-state  solution. 
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considering  only  the  equation  of  continuity  with  the  chemistry  of 
Equation ( 3 -63),  and  with  an  effective  eddy  diffusivity,  Shimazaki 
(References  3-62,  3-63)  treated  the  time-dependent  problem  with  a 
diurnal  and  zenith  variation  of  solar  flux,  i.  e.  ,  of  J  ,  inorder  to  study 
how  a  steady  state  is  established.  Still  later  Keneshea  and  Zimmer¬ 
man  ^Reference  3-64)  solved  Equations  (3-64)  for  the  case  where  the 
vertical  velocity  uj  of  species  j  is  made  up  of  the  sum  of  laminar 
and  turbulent  contributions  to  the  vertical  velocity  of  species  j  ,  each 
involving  a  single  effective  diffusivity,  molecular  or  eddy. 

In  Figure  3-7  results  are  shown  from  several  calculations  of  the 
molecular  oxygen  concentration  in  the  region  where  process  (3-63) 
is  effective.  "Photochemical  equilibrium"  (curve  1  in  Figure  3-7) 
indicates  that  chemistry  is  considered,  but  not  diffusion;  "diffusive 
equilibrium"  (curve  2)  means  that  chemistry  and  only  molecular  dif¬ 
fusion  are  considered;  "total  mixing  theory"  (curve  3)  denotes  that 
chemistry  and  both  molecular  and  turbulent  diffusion  are  included. 

At  the  higher  altitudes  the  experimental  values  (curve  4)  are  quite 
different  from  the  photochemical  equilibrium  theory,  and  somewhat 
different  from  the  molecular  equilibrium  theory,  indicating  the  im¬ 
portance  of  turbulent  mixing.  If  the  atomic  oxygen  concentration 
were  ai  shown  as  a  function  of  height,  it  would  turn  out  that  tur¬ 
bulent  mixing  is  necessary  to  explain  the  O-atom  concentration  at 
the  lower  altitudes.  Such  a  plot  is  omitted  here  because  of  major 
uncertainties  in  the  measured  concentrations  of  atomic  oxygen  at 
the  lower  altitudes  (cf.  Reference  3-65). 

As  was  pointed  out  in  Section  3.  5,  the  effect  of  turbulence  on 
transport  cannot  be  represented  under  all  conditions  by  a  constant 
eddy  diffusivity.  Not  only  is  the  eddy  diffusivity  itself  a  function  of 
space  or  time;  the  whole  concept  of  an  "eddy  diffusivity"  has  severe 
limitations.  Thus  Tchen  (Reference  3-68)  considers  the  effect  ol 
turbulent  transport  on  a  chemicaily  reacting  system  (the  oxygen 
dissociation  system  of  Equation  (3-63))  in  terms  of  a  correlation  cf 
density  and  velocity  fluctuations  rather  than  just  an  effective  eddy 
diffusivity.  (See  also  Reference  3-2,  Section  6.  ) 

In  addition  to  molecular  and  thermal  diffusior  coefficients  DmJ 
and  for  species  j  ,  the  corresponding  turbulent  or  eddy  dif- 

fusivities  are  introduced: 
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Figure  3-7.  Distribution  of  molecular  oxygen:  (1)  photochemical  equilibrium, 
(2)  diffusive  equilibrium,  (3)  total  mixing  theory  (Danilov,  Ref¬ 
erence  3-66),  (4)  curve  possing  through  experimental  data,  bosed 
upon  data  af  Keneshea  and  Zimmerman  (Reference  3-64),  Weeks 
and  Smith  (Reference  3-67). 
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D 

D 


..  fo _ 

J  =  (Cj2/n j2)J0  drnj  (O)n.'(r) 

,J  =  (Jj2/HjTj)/o"drn7(0)T/(T) 


(a) 

(bj 


(3-65) 


Here  nj  ,  Tj  are  the  number  densities  and  effective  temperatures 
of  species  j  ;  separation  (as  exemplified  in  Equation  (3-3  5))  into 
mean  values  (nj  ,  Tj)  and  fluctuations  {n?,  T?)  is  made;  and  Cj  is 
the  mean  thermal  speed  of  species  j  . 


The  point  is  that  for  a  strongly  non-uniform  (turbulent)  flow  the 
molecular  and  thermal  diffusivities  as  well  as  their  turbulent  analogs 
DnnJ  and  DnT^  Equation  (3-65)  become  significantly  different,  a 
case  which  Tchen  (Reference  3-68)  calls  non-isomeric.  Carrying 
through  the  analysis  for  an  atmosphere  in  a  steady  state,  so  that 
(d/dt)^  0  ,  with  spatial  variation  only  in  the  vertical  (z)  direction, 
integration  of  the  equations  analogous  to  (3-64)  yields: 

-(d/dz)  lnnj  =  1  /Kj  +  ( 1  +jS^) /Hj 

+  (1  +/3rUj32j)(d  InTj/dz)  -  1/Lj  ,  (3-66) 


where: 

hj'1  =  -xj/nj(Dmj+Dnr>) 

Lj_1  =  <5nuj*  V)i]z/<DmJ +DnTj) 

01j  =  !Dthj'Dmj)/<Dmj+DnTj) 

Pj  =  (Dnnj-DnTi)/(Dmj  +  DnTi) 


(a) 

(b) 

(c) 

(d) 


(3-67) 


Here: 

4  OQ  _ 

gnu  *  <~]  2/"jb|)/  dr  rij'  (0)  Uj'(T]  , 

*  lai ; 

where  xj  is  defined  by: 

7  *  =  ^c  ;j  i  mj  » 


(b) 


(c) 


(3-68) 
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in  terms  of  the  source  function  of  Equation  (3-1)  for  the  oxygen  dis¬ 
sociation  process.  In  Equations  (3-67a-d),  hj-l  is  a  measure  of  the 
effect  of  chemistry,  Lj~l  the  effect  of  wind  shear,  the  non- 

isoneric  molecular  diffusivity,  and  the  effect  of  non-isomeric 
turbulent  diffusivities,  The  effect  of  turbulence  on  the  structure  of  the 
chemical  reaction  rate  term,  xj  ,  is  discussed  below. 

Equation  (3-66)  should  be  compared  with  the  simple  equation: 

-(d/dz)  In nj  =  l/H,  ;  U-  =  ftTj/mjg  ,  {3-69) 

(cf.  Equations  (3-21)  and  (3-62))  which  applies  in  the  absence  of: 

(1)  temperature  gradients; 

(2)  wind  shears,  the  term  Lj"*'; 

(3)  non-isomeric  molecular  diffusion  ((J^  =■'  0); 

(4)  non-isomeric  turbulent  diffusion  {^J  =  0);  and 

(5)  chemistry,  the  term  hj”^  • 


The  overall  effects  of  these  five  factors,  as  well  as  of  turbulence, 
are  very  complicated,  and  may  either  reinforce  or  compensate  one 
another.  A  detailed  discussion  of  Equation  (3-66)  is  given  by  Bauer, 
Sel  vyn,  and  Tchen  (Reference  3-2);  deviations  from  the  predicted 
fall-off  of  molecular  oxygen  concentrations  with  height,  as  shown  in 
Figure  3-7,  can  be  explained  by  appropriate  choices  of  the  various 
parameters. 


It  was  pointed  out  above  that  the  existence  of  turbulent  mixing  can 
change  the  effective  concentration  of  chemical  reactants,  even  if 

fK-v  -  \  ~ — -  *  —  *-  \ —  u — -  : 1  ^  ^4.:  4-\ - ~  1  ~  T  T 

lUCI  t;  19  uu  v_udii^  c  iii  uic  v^uctui^aA  x  i  aibo  buemoviv  uww- 

ever,  the  presence  of  turbulence  may  change  the  effective  rates  of 
chemical  reactions.  To  demonstrate  this,  consider  the  definitions 
in  Equations  (3-68b,  c). 


In  general,  Xj  may  be  a  function  of  all  the  nj  and  so  that  it 
may  be  denoted  as  Xj({ni},  {TjJ).  In  Equation  (3-67a),  hj'1  was 
seer,  to  depend  on  xj  ,  the  average  of__xj  taken  by  the  same  pro¬ 
cedure  used  to  obtain  all  the  n^  and  Tj  .  Ordinarily, 

xj(  |“i}«  |Ti)  )  *  xjU^il  >  {Ti})  ,  (3-70) 
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so  that  the  effect  of  turbulence  on  the  chemical  reaction  rate  term 
is  to  change  the  form  of  Xj  from  that  given  by  xj  ,  i.  e.  ,  to  change 
the  effective  reaction  rates. 


Tchen  {Reference  3-68)  has  estimated  the  magnitude  of  this  effect 
for  the  oxygen  dissociation  problem  of  Equation  (3-63),  and  Lnds  that 


x2<n2»  t2^  ~  x2^n2’  T2^i 

x2(n2,  T2) 


/2 

<1  /Z^T 
n2 


(3-71) 


which  may  be  of  the  order  of  10  percent  or  more,  depending  on  the 
intensity  of  turbulence;  under  certain  conditions  this  might  produce 
a  non-negligible  effect. 

3.7  CONCLUSIONS 

The  role  of  fluid  mechanics  in  aeronomic  problems  is  not  very 
well  developed;  thus  the  present  chapter  coverage  should  not  be  con¬ 
sidered  as  definitive.  In  particular,  emphasis  has  been  placed  on 
the  identification  of  important  problems  in  a  general  discussion 
which  stresses  the  shorter-period  phenomena  (turbulence  and  gravity 
waves)  rather  than  the  longer-time  processes  (tides  and  general 
circulation).  Within  these  limitations,  the  following  conclusions  may 
be.  drawn: 

1.  Large- scale  motions,  principally  horizontal  winds,  do  cause 
a  motion  and  expansion  of  chemically  or  otherwise  active 
regions  by  horizontal  convection,  at  typical  speeds  of 
10-100  m/sec.  * 

2.  The  full  significance  for  aeronomic  prob)  -.ms  of  wind  shears, 
tides,  and  acoustic  gravity  waves  is  incompletely  estab¬ 
lished,  but  three  effects  are  clear: 


*An  example  where  this  may  be  important  is  seen  in  the  problem  of 
stratospheric  pollution  by  the  supersonic  transport  (SST):  the  main 
travel  routes  will  be  near  40°  N  latitude  across  the  North  Atlantic. 
Thus  there  may  conceivably  be  a  belt  of  water  or  other  foreign 
matter  at  these  latitudes,  and  even  transported  around  the  world 
by  geostrophic  winds,  but  it  is  most  unlikely  that  the  material 
will  be  distributed  far  beyond  30-50°  N  latitude. 
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a.  These  motions  provide  driving  mechanisms  for  atmo¬ 
spheric  turbulence,  at  least  above,  the  troposphere. 

b.  They  provide  possible  mechanisms  for  energy  transfer 
into  various  atmospheric  regions,  and  also  possibly  into 
different  degrees  of  freedom.  The  various  processes 
(cf.  lable  3-3)  have  not  all  been  evaluated  adequately, 
but  in  the  lower  thermosphere  they  may  provide  the 
largest  single  source  of  energy  transfer  under  some 
conditions  (cf.  References  3-10,  3-11). 

c.  Tides  and  gravity  waves  induce  motions  of  ionization  in 
the  E-  and  especially  F-regions,  i.  e.  ,  the  Sudden  and 
Traveling  Ionospheric  Disturbances,  which  affect  radio¬ 
wave  propagation  quite  significantly.  (See,  for  example, 
Reference  3-27. ) 

3.  it  is  known  that  atmospheric  turbulence  exists  for  a  signifi¬ 
cant  fraction  of  the  time  at  all  altitudes  below  a  "turbopause" 
at  J.00-120  km.  Thus,  it  is  responsible  for  the  "homosphere”, 
or  uniformly  mixed  state  of  the  major  species  below  the 
turbopause,  and  it  also  affects  the  O-O2  concentration  pro¬ 
file  in  the  lower  thermosphere.  However: 

a.  Atmospheric  turbulence  is  by  no  means  uniform  and 
isotropic,  and  its  detailed  characteristics  (intensity, 

Fourier  spectrum,  time  and  space  variability)  as  well 
as  its  detailed  effects  on  atmospheric  mixing,  regard¬ 
ing  minor  species  and  variability,  are  not  fully  known. 

b.  The  use  of  a  single  constant  eddy  diffusivity  Deddy  , 

which  is  very  muchgreater  than  the  molecular  diffusivity 
Dmoi  >  context  of  a  Fickian  diffusion  equation, 

is  frequently  inadequate  to  describe  the  effects  of  tur¬ 
bulent  diffusion.  First,  the  effective  eddy  diffusivity 
tends  to  increase  with  dispersion  time,  and  second,  even 
under  equivalent  conditions  of  altitude,  time  of  day, 
latitude,  etc.  ,  the  value  may  fluctuate  over  several 
orders  of  magnitude,  * 

^ln  particular,  it  should  be  noted  that  the  quoted  values  of  eddy  dif¬ 
fusivity  obtained  from  meteorological  considerations  apply  for  times 
of  an  hour  or  greater,  and  .hus  are  not  applicable  to  discussions  of 
atmospheric  motions  associated  with  nuclear  explosions  in  the  atmo¬ 
sphere,  during  times  less  than  several  minutes  after  the  burst. 
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c.  The  presence  of  turbulence  can  change  the  effective 
rate  of  chemical  reactions. 

d.  Even  the  best  available  treatments  of  atmospheric  tur¬ 
bulence  with  chemistry  are  incomplete,  since  the  deter¬ 
mination  of  transport  coefficients  as  functions  of  wind 
profile  and  other  parameters  presents  a  problem  that 
has  not  been  solved  adequately. 

4.  The  effects  of  fluid  mechanical  motions  should  be  included  in 
aeronomic  calculations.  An  analysis  of  the  F2-region  by 
Strobel  and  McElroy  (Reference  3-69)  indicates  their  impor¬ 
tance,  by  including  the  wind  shear  in  the  aquations  of  con¬ 
tinuity  for  the  different  species.  Energy  transfer  by  tidal 
motions  should  also  be  included. 
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4.  THE  NATURAL  ATMOSPHERE:  ENERGY  BALANCE 
I  N  THE  UPPER  ATMOSPHERE* 

E.  Bauer,  Institute  for  Defense  Analyses 
R.H.  Kummler,  Wayne  State  University 
M.H.  Bartner,  Generol  Electric  Company 
(Latest  Revision  16  June  1971) 


4.1  INTRODUCTION 

In  order  to  calculate  the  ionization  and  radiation  properties  of  the 
disturbed  atmosphere,  the  density,  temperature,  and  composition 
(including  excited- state  papulations)  of  the  atmosphere  before  the 
disturbance  must  be  known.  Many  of  these  parameters  are  well 
established  by  measurements  and  theory,  and  the  results  are  sum¬ 
marized  in  Chapter  2.  Others,  such  as  excited- state  populations,  and 
electronic  and  vibrational  temperatures  in  regions  where  they  differ 
from  the  kinetic  temperature,  are  still  subject  to  large  uncertain¬ 
ties.  Since  present  measurements  are  insufficient  to  yield  an  ade¬ 
quate  empirical  picture  of  these,  it  is  desirable  to  discuss  them  in 
a  theoretical  framework  involving  the  ene  rgy  transfer  and  the  energy 
balance  of  the  upper  atmosphere.  This  helps  to  ensure  that  con¬ 
servation  laws  are  satisfied  and  that  the  more  important  processes 
are  emphasized.  It  also  suggests  important  ways  in  which  the  energy 
deposited  by  artificial  ov  natural  disturbances  could  affect  the 
upper  atmosphere. 

4.2  CONCENTRATIONS  AND 
POPULATION  TEMPERATURES 

The  fractional  concentrations  of  various  chemical  species  in  the 
atmosphere  are  shown  in  Figures  4-1  through  4-3  as  functions  of 
altitude  (Reference  4-1).  Note  that  below  about  100  km  (tlie  "turbo- 
pause')  atmospheric  mixing  keeps  the  fractional  concentrations  of 
nitrogen,  oxygen,  argon,  a r-d  helium  constant,  wh'le  the  concentra¬ 
tions  of  species  produced  directly  or  indirectly  by  photodissociation 


*  This  work  was  supported  by  DMA  through  Contract  No.  DASA-01- 
70-C-0082,  and  by  ARPA  through  Contract  No.  DAHC- 1  5-67- C- 
0011. 
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Figure  4-1 
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.  Froctionol  concentrations  of  the  mojor  neutral  species  in  the 
otmospherr  .  (N.B.:  This  groph  represents  im  ‘im  dato, 
which  rnov'  oe  upgroded  upon  the  completion  of  Chapter  2. 
See  no't  at  Chapter  2  for  further  details.) 
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Figure  4-2.  Fractional  concentrations  of  the  minor  neutral  species  in  the 
atmosphere.  (N.B.:  This  graph  represents  interim  data, 
r.'hicn  may  be  upgraded  upon  the  completion  of  Chopter  2. 
See  note  at  Chapter  2  for  further  details,) 
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or  photoionization  vary.  Above  the  turbopause  the  less  reactive 
species  are  in  separate  "diffusive  equilibrium",  each  with  its  own 
scale  height.  Specifically,  for  species  X  at  altitude  h  ,  we  haveJ 

n( X ;  h)  =  n(X;ho)exp{-(h-h0)/H(X)}  ;  H(X)  kT/M(X)g,  (4-1) 

where  M(X)  =  mass  of  species  X  ,  and  H(X)  (~5-50km)  is  its  scale 
height.  Hence  at  increasing  altitudes  the  concentrations  of  light 
species  like  helium  increase  relative  to  those  of  heavier  species  like 
argon  or  nitrogen.  Note  also  that  the  degree  of  ionization  is  very 
low:  below  200km,  ne/ntot  Sl0‘4|  which  is  a  representative  thres¬ 
hold  above  which  plasma  effects  become  important. 

Given  these  coiicentr ations,  population  temperatures  in  terms  of 
the  Boltzmann  or  Saha  equation  can  be  defined  as  follows.  For  a 
species  A  with  an  electronically  excited  state  A"  of  excitation 
energy  /IE,  an  excitation  temperature  Tex  may  be  defined  by  the 
Boltzmann  relation: 


n(A*)/n(A)  =  [g{  A*  )/g(A)]  e‘ AE/kTex 


(4-2) 


where  the  g's  are  statistical  weights  of  the  appropriate  states.  For 
an  ionization  process  AB  AB+  +  e"  with  ionization  potential  I  ,  an 
"ionization  temperature",  Tj  ,  can  be  defined  by  the  Saha  equation: 


n(  e”)  n(AB+)  ,  Q(AB+) 
=  g(e  ) - 


n{  AB) 


Q(AB) 


2ffm„  kT- 
e  i 


13/2 


-1/kT: 
e  1 


(4-3) 


where 


g(X)  =  electronic  statistical  weight  of  species  X 

Q(X)  =  g(X)  Qrot(X)  Qvj^(X)  -  partition  function  of 
(molecular)  species  X 


Qrot(X)  =  rotational  partition  function,  kT/hcB  ,  for  a 
rigid  rotator 

Qvib(X)  =  vibrational  partition  function, 
for  a  harmonic  oscillator 


\  .  e-hC“,e'kTl'' 
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m  =  electron  mass  , 

C 

Finally,  for  a  dissociation  equilibrium  AB  Z  A+  B  with  dissociation 
energy  D  ,  the  Law  of  Mass  Action  gives: 


n(A)  n(B) 


g(A)  g(B) 


n(AB)  g( AB)  Qrot(AB)  Qyib(AB) 


2ff^ABkTd 


3 12 


.-D/kTd 


(4-0 


where 


^AB  ~  ^(A)  M(B)/{M(A)  +  M(B)}  =  reduced  mass  of 
AB  molecule 

=  "dissociation  temperature"  . 

The  population  temperatures  for  the  most  important  species 
above  80  km  are  shown  in  Figure  4-4.  The  significant  findings  are: 

(a)  The  different  population  temperatures  differ  by  large  factors, 
indicating  a  large  deviation  from  LTE  (local  thermodynamic 
equilibrium)  in  the  upper  atmosphere. 

(b)  The  ionization  temperatures  obtained  from  the  Saha  equation 

for  the  positive  ions  NO+  ,  ,  0+  ,  do  not  differ  much  ex¬ 

cept  when  the  relative  concentration  of  one  cf  the  ions  be¬ 
comes  small.  One  can  thus  describe  the  overall  state  of 
ionization  roughly  in  terms  of  a  single  "ionization  tempera¬ 
ture". 

(c)  It  is  also  possible  to  draw  a  "dissociation"  temperature, 
largely  by  following  the  oxygen  dissociation  which  is  of 
greatest  importance  from  the  standpoint  of  energy  content. 

(d)  There  are  two  translational  temperatures,  viz.,  the  kinetic 
temperature  of  the  neutral  species,  and  that  of  the  free  elec¬ 
trons;  the  latter  is  generally  higher  (References  4-2,  4-3), 
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Figure  4-4.  Population  temperatures  of  atmospheric  species.  (N.B.:  This 
groph  presents  interim  computed  results,  which  ore  subject  to 
revision  upon  the  upgroding  of  Figures  4-1  through  4-3.  See 
notes  thereunto  pertaining.) 
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4.3  ENERGY  PARTITION 

The  effective  population  temperatures  shown  in  Figure  4-4  are 
simply  a  restatement  of  the  concentration  data  of  Figures  4-1  through 
4-3.  The  effective  temperatures  for  molecular  rotation  and  vibra¬ 
tion  are  not  shown  because  no  direct  data  exist,  it  may  be  assumed 
for  most  molecules  that  the  rotational  and  kinetic  temperatures  are 
equal,  because  in  general,  translational-rotational  energy  transfer 
is  very  efficient  (cf.  Reference  4-4).  However,  vibr ational-transia- 
cional  energy  transfer  is  very  inefficient  when  kT  is  less  than  the 
spacing  of  the  vibrational  levels.  It  takes  perhaps  10^-10^  collisions 
for  nitrogen  and  oxygen  to  reach  a  translational- vibrational  steady 
state.  Thus  a  large  uncertainty  for  the  vibrational  energy  content 
exists.  For  infrared-inactive  molecules,  e.  g.  ,  nitrogen  and  oxygen, 
u'h.ch  do  not  lose  vibrational  energy  by  radiation,  the  vibrational 
temperature  probably  equals  or  exceeds  the  kinetic  temperature. 
Since  vibrational  excitation  is  produced  by  electron  impact,  atom 
recombination,  and  quenching  of  electronic  excitation,  a  "plausible*' 
upper  limit  to  the  vibrational  temperature  is  the  highest  of  the  three 
temperatures  associated,  respectively,  with  these  processes,  viz.  , 
Tg  ,  ,  and  Tex  .  Because  the  effective  "temperature"  of  the 

photoelectrons  exceeds  that  of  the  bulk  electrons  and  because  the 
atmosphere  is  not  in  LTE,  it  is  theoretically  possible  for  the  nitro¬ 
gen  vibrat'onal  temperature  to  exceed  Te  ,  Tj  ,  and  T„x  ,  but  a 
more  detailed  consideration  suggests  that  this  is  unliKely;  hence  the 
"plausible"  limit  is  an  empirical  and  not  a  theoretical  limh. 


If  the  compositions  and  temperatures  of  Figure  4-4  are  combined 
with  these  estimates  of  the  vibrational  and  rotational  temperatures 
to  obtain  tbe  partition  of  energy  between  different  degrees  of  free¬ 
dom,  Figure  4-5  results.  The  following  points  may  be  made: 


i -\  fu-.  - -  „ 

\  /  A  UC  *  UbUbAV/llMA  u 

or  temperature, 
dissociation. 


nergy  g  c  1*1  c  i*  cl  J 1  y  trucks  the  kinetic  energy 
failing  off  high  altitudes  because  of  tbe 


(b)  Above  80-90  km,  oxygen  dis s;oeiation  is  the  single  most 
important  contributor  to  the  energy. 

(c)  lne  energy  of  ionization  is  always  very  small. 

(d)  The  energy  of  electronic  exci'ation  is  very  small,  but  far 
from  LTE  defined  in  terrmi  of  the  kinetic  temperature. 


ENERGY  (*V/P  ARTICLE)  AVERAGED  OVER  ALL  PARTICLES 
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ALTITUDE  (km) 


Figure  4-5.  Distribution  of  energy  omong  different  degrees  of  freedom. 

(N.B.:  This  groph  presents  the  interim  results  of  colculotions 
based  in  part  upon  Figure  4-4  in  its  interim  form.  Thus  this 
figure,  too,  is  subject  ta  later  revision.) 
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(e)  The  curve  marked  ’’kinetic  energy  due  to  a  lOOm/sec  wind" 
corresponds  to  a  typical  ionospheric  wind.  This  curve 
shows  that  the  contribution  of  overall  fluid  mechanical 
motion  to  the  energy  content  is  usually  not  large,  (See 
Chapter  3  for  a  fuller  discussion  of  the  effects  of  fluid 
mechanical  motion  on  energy  transfer.) 

(f)  A  major  uncertainty  exists,  regarding  the  vibrational  energy 
content.  The  limits  of  vibrational  temperature  give  a  range 
of  vibrational  energy  of  a  factor  3  x  10^  at  100  km  altitude. 

ThiB  problem  is  discussed  in  Section  4.  5. 

4.4  ENERGY  TRANSFER  AND 
ENERGY  BALANCE 

The  situation  discussed  thus  far  has  involved  the  steady  state. 

ThiB  differs  very  much  from  LTE,  so  that  the  mechanism  by  which 
the  situation  is  produced  is  clearly  important.  Figure  4-6  shows 
Leovy's  estimates  (References  4-5,  4-6)  for  the  energy  balance  of 
the  80- 105  km  region.  Figure  4-7  presents  curves  for  the  radiative 
and  energy  transfer  for  a  wider  range  of  altitudes,  based  on  data 
from  several  sources  (References  4-7  through  4-11).  It  is  seen 
that  the  most  important  energy  source  is  the  solar-ultraviolet  radia¬ 
tion,  principally  in  the  Schumann- Rung e  continuum  of  molecular 
oxygen,  which  dissociates  the  oxygen.  The  most  important  sink  is 
the  infrared  vibration- rotation  emission  from  CC>2  (at  15  f*n.),  below 
100-120km  altitude,  and  the  infrared  fine-structure  emission  from 
atomic  oxyger.  (at  63  j*m),  at  higher  altitudes.  Heat  conduction  and 
gravity-wave  dissipation  also  play  significant  roles,  although  the 
magnitude  of  the  latter  is  quite  uncertain. 

4.5  THE  VIBRATIONAL  POPULATION 

As  noted  previously,  the  upper  atmosphere  is  far  from  a  LTE 
condition,  i.  e.  ,  effective  or  population  temperatures  for  altitudes 
between  80  and  300  km  vary  from  180  to  4000  K  (cf.  Figure  4-4). 

The  vibrational  energy  content  may  vary  over  four  to  five  orders  of 
magnitude  depending  on  the  effective  vibrational  temperature  as 
shown  in  Figure  4-5,  To  narrow  the  range  of  uncertainty,  one  must 
consider  the  specific  processes  which  lead  to  vibrational  excitation 
and  de  ex  citation. 
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Figure  4-6.  Schematic  heat  budget  constituents  between 
80  and  105km.  (From  Reference  4-6.) 
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Figure  4-7.  Altitude  dependence  of  energy  absorption  and  emission. 
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Several  workers  have  considered  the  vibrational  state  of  the 
nitrogen  in  the  upper  atmosphere  (References  4-12  tnrough'f- 14).  The 
most  likely  processes  for  producing  vibrationally  excited  nitrogen 
(N*>  are: 


0( 1  D)  +  N2  -  N*  +  0(3P) 


N  +  NO  -  N*  +  O 


e"  +  Nt2  -♦  N  -  N*(v=l)  +  e 


(4-5) 

14-6) 

(4-7) 


Of  these  reactions,  it  appears  that  process  (4-5)  yields  very  little 
vibrational  excitation  (Reference  4-15),  Process  (4-6)  may  yield 
one-third  of  its  exothermicity  in  the  form  of  vibrational  excitation 
(Reference  4-16),  although  this  estimate  is  somewhat  controversial 
(Reference  4- 17).  Process  (4  -7)  is  certainly  important  under 
auroral  conditions  (Reference  4-13),  but  not  in  the  undisturbed  atmo¬ 
sphere  below  250km.  Of  the  three  main  collisional  deexcitation  pro¬ 
cesses,  the  first: 

N*(v=l)  +  COz  -  CO*  (v3  =  l)+  N2  ,  (4-8) 

-  3  •  t 

has  a  relatively  large  cross  section  (~10_  gas  kinetic);  the  C02 

then  radiates.  The  second; 

N*  +  O  -  N..O#  -  N„  +  O  ,  (4-9) 


is  much  faster  than  most  vibrational  quenching  processes  by  species 
other  than  atomic  oxygen  (Reference  4-18),  The  third  is: 


N*  +  e  -  N2  +  e  , 


(4-10) 


which  may  be  important  above  300  km,  Finally,  at  high  altitudes  dif  ¬ 
fusion  is  a  significant  mechanism  for  the  lose  of  vibrationally  excited 
and  many  other  species. 
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Figure  4-6.  Summary  af  vibrational  temperotures  in  the  normal  atmosphere, 

compared  ta  dissociation  and  kinetic  temperatures.  (N.B.:  Curves 
marked  "Walker"  are  from  Reference  4-13;  curve  marked  "Jam- 
shidi  and  Kummler"  is  from  Reference  4-19;  paints  designated  as 
''O'Neil"  and  as  "Kammler  and  Bartner"  are  from  References 
4-20  and  4-2,  respectively.) 
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The  results  shown  in  Figure  4-8  for  atmospheric  nitrogen  are  dis¬ 
cussed  in  detail  elsewhere  (Reference  4-14)  and  reference  should  be 
made  as  well  to  Walker  et  al  (Reference  4-13)  for  the  intricate  de¬ 
tails  of  the  calculation. 

For  oxygen,  the  specific  excitation-deexcitation  processes  to  be 
considered  are: 


O  +  O  +  M  -*  O^  +  M 

(4-11) 

0*(v=l)  +  H20  2  C,  +  H20*  (v2=1) 

(4-12) 

O*  +  0  2  03  z  02  +  O  , 

(4-13) 

and  again,  diffusion  should  be  mentioned;  however,  for  oxygen,  un¬ 
like  nitrogen,  deexcitation  by  atomic  oxygen  (Process  (4-13))  con¬ 
tinues  to  dominate  over  diffusion  even  as  high  as  300  km.  Hence  it 
is  plausible  to  suggest  that  Tv(02)  =  for  all  altitudes. 

Nevertheless,  mention  should  be  made  of  the  analysis  of  Fer¬ 
guson  et  al  (Reference  4-21)  who  from  relative  concentrations  of 
Si+  in  sporadic- E  events  inferred  effective  vibrational  temperatures 
of  1000-1900K  for  h  =  110-120km.  Reid  and  Withbroe  (Reference 
4-22)  also  required  an  elevated  oxygen  vibrational  tempeiature  to 
explain  solar-ultraviolet  absorption. 


The  NO  molecule  is  infrared-active,  and  raoiative  transfer  rather 
than  collisions  determine  the  steady- state  vibrational  excitation  at 
altitudes  above  about  60  km.  The  vibrational  temperature  of  NO  is 


v  o* 
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the  earth's  lower  atmosphere  at  the  appropriate  wavelength  (5.4  pm), 
but  reduced  somewhat  by  the  one-sided  nature  ot  the  radiant  flux. 
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5.  THE  DISTURBED  ATMOSPHERE 
W.  Knapp  and  D.  Archer,*  General  Electric  Company— TEMPO 
(Latest  Revision  26  October  1971) 


5.1  THE  NATURALLY  DISTURBED 
ATMOSPHERE 

Solar  flares  and  magnetic  storms  may  alter  the  atmospheric  den¬ 
sity,  temperature,  pressure,  electron  and  ion  densities,  and  compo¬ 
sition.  The  magnitude  of  the  effects  is  generally  a  function  of  alti¬ 
tude.  Air  temperature  and  density  are  susceptible  to  change  above 
about  200  km.  Electron  and  ion  density  changes  (due  to  solar  flares) 
are  usually  greater  below  200  km.  Although  uncertainties  exist 
with  respect  to  the  changes  expected  for  various  flare  and  magnetic 
storm  conditions,  the  following  summarizes  some  of  the  pertinent 
data. 


5.1.1  Density  Variations 

Density  variations  above  200  km  have  been  dt  uced  from  satellite 
drag  (References  5-1  through  5-3).  Since  satellite  observations  give 
an  average  over  space  and  time,  it  is  difficult  to  obtain  information 
on  transient  variations. 


A  correlation  exists  between  the  upper  atmospheric  density  and 

4-v.  _  e^ ~  £  — i  -  -  — — , - - i  ..._i «.< ;  „  *\ ?  ?  n  — 
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range.  Specifically,  the  density  can  be  expressed  as: 

p~Fm  ,  (5-1) 


where  F  is  the  solar  flux  observed  at  the  10.  7-cm  wavelength  and 
m  is  a  function  of  altitude,  time  of  day,  and  sunspot  cycle.  F  or  al¬ 
titudes  above  200  km,  m  >  0;  thus  the  greater  the  solar  flux,  the 
greater  the  atmospheric  density. 


*  Present  affiliation:  Mission  Research  Corporation. 
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During  intense  magnetic  storms,  the  density  at  any  given  height 
may  increase  significantly  within  a  few  hours.  The  observed  data 
support  the  relationship: 

p=po(1  +  0Ap)  .  (5-2) 

Here  pQ  is  the  density  before  the  storm,  A0  is  the  daily  geomagnetic 
index,  and  ft  is  a  coefficient  that  varies  with  altitude  from  about 
3  x  1  0" 3  at  200  km  to  1.5  x  1 0-^  at  700  kru.  The  as sociated  uncer - 
tainty  in  the  values  of  $  is  about  30  percent.  No  detectable  varia¬ 
tion  with  latitude  has  been  found.  As  an  example,  the  normalized 
density,  p/pQ  »  between  200  and  800  km,  has  been  computed  from 
Equation  5-2  for  selected  days  both  prior  to  and  following  the  mag¬ 
netic  storm  of  13  November  I960.  The  results  are  shown  in  Figure 
5-1.  For  this  computation,  a  linear  variation  of  /8  with  altitude  was 
assumed,  and  values  of  Ap  were  obtained  from  Reference  5-3.  It 
is  seen  that  on  13  November  I960,  the  density  at  200  km  was  almost 
doubl  ed. 


Figure  5-1 .  Normalized  density  (from  Equatian  5-2)  as  a  function  of 
altitude  for  selected  days  prior  ta,  during,  and  following 
the  magnetic  storm  of  13  November  1960. 
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5.1.2  Temperoture  Variations 

Satellite  observations  have  also  been  used  (Reference  5-4)  to  de¬ 
duce  a  correlation  between  the  average  atmospheric  temperature 
changes  (from  day  to  night  and  over  a  solar  cycle)  and  the  changes 
in  mean  flux  of  solar  radiation  at  10.  7  and  21  cm.  It  has  been  de¬ 
duced  (Reference  5-5)  that  the  temperature  in  the  exosphere  (above 
about  300  km)  increases  during  magnetic  storms  by  an  amount: 

AT  «  1. 0  Ap  +  125  [1  -  exp( - 0.  08  Ap)]  Kelvin.  (5-3) 

Again,  Ap  is  the  daily  geomagnetic  index.  As  an  example. 
Figure  5-2  shows  the  temperature  increase  above  300  km  (deduced 
from  Equation  5-3)  lor  9  through  14  November  I960. 

From  rocket,  satellite,  and  ground-based  (Thompson  scatter  ra¬ 
dars)  experiments,  it  is  known  that  the  electron  and  ion  gases  above 
about  150  km  are  normally  substantially  hotter  than  the  neutral  atmo¬ 
sphere  (References  5-6  through  5-8).  Figure  5-3  shows  electron 
and  ion  temperatures  versus  altitude  found  by  averaging  data  for 


TEMPERATURE  INCREASE,  AT  (  K) 


Figure  5-2.  Temperature  increase  (from  Equation  5-3)  far  altitudes 
above  obout  300  km  far  selected  days  prior  to,  during, 
and  following  the  magnetic  storm  of  13  November  1960. 
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Figur**  5-3.  A  comparison  of  the  average  height  dependence  o?  Tfi  and  Tj  on 
(a)  the  magnetically  quiet  (Ap  s  14)  and  disturbed  lAp  ^  19)  days 
in  September,  and  (b)  the  magnetically  quiet  and  disturbed 
nights  (J.V,  Evans,  Reference  5-7). 
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magnetically  quiet  days  in  September  1963  at  Millstone  Hill  radar 
observatory  (71.  5°W,  42.  6°  N).  In  addition  to  the  diurnal  variation, 
there  is  considerable  variation  in  the  profiles  with  latitude,  longi¬ 
tude,  season,  and  solar  cycle. 

During  intense  magnetic  storms,  the  nighttime  electron  and  ion 
temperatures  are  increased  as  illustrated  in  Figure  5-3.  The  night¬ 
time  electron  temperature  increase  during  magnetic  storms  does 
not  appear  to  be  directly  correlated  with  the  magnetic  index.  Very 
high  (Ra4000  K)  electron  temperatures  also  occur  at  high  latitudes  in 
auroras. 


5.1.3  Electron  and  Ian  Density  Variations 

Ionization  rates  and  electron  densities  for  the  quiet  daytime  D- 
regian  are  shown  in  Figures  5-4  and  5-5.  These  are  representative 
values.  Considerable  variation  exists  with  respect  to  location, 
season,  solar  cycle,  and  time  of  day  (cf.  Chapters  2  and  13).  Mea¬ 
surements  with  rocket-borne  mass  spectrometers  have  shown  that 
the  dominant  ions  in  the  undisturbed  D-region  are  water-cluster  ions 
( cf.  Chapter  2).  The  dominant  negative  ions  in  the  D-region  appear 
to  be  NO3  and  NO3  •  (H£C))n  . 


During  solar  flares  and  magnetic  storms,  the  ionospheric  regions 
behave  in  different  ways  depending  mainly  upon  latitude  and  altitude. 
At  the  time  of  a  flare,  a  sudden  ionospheric  disturbance  (SID)  is  ob¬ 
served  on  the  sunlit  side  of  the  earth,  resulting  in  a  sudden  increase 
in  radio-wave  absorption  (Reference  5-11).  The  SID  can  last  as  long 
as  an  hour.  The  absorption  increase  is  attributed  to  enhanced  solar 
X-rays  that  penetrate  into  the  D-region  and  produce  additional  ioni¬ 
zation,  Within  one  to  ihree  hours  afterwards,  upon  the  arrival  of 
energetic  proton  st-oems,  a  polar  cap  absorption  (FCA)  event  may 
he  observed  at  latitudes  greater  than  65  degrees  (Reference  5-12). 
Twenty-five  to  forty  hours  later,  an  auroral  zone  absorption  (AZA) 
event  (evidently  produced  by  high-energy  electrons)  may  be  observed 
coincident  with  magnetic  storms  and  changes  in  the  F- region  maxi¬ 
mum  electron  density  (Reference  5-3).  The  latter  changes  are 
either  positive  or  negative  depending  on  the  latitude.  Detailed  in¬ 
formation  on  solar  flares  can  be  found,  for  example,  in  Reference 
5-13. 


Although  the  exact  amount  of  variation  of  the  electron  density 
from  undisturbed  to  disturbed  conditions  is  a  function  of  latitude. 
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Figure  5-5.  Electron  density  profile*  for  the  D-region 
of  the  ionosphere . 


time  of  day,  solar  flare  intensity,  etc.  ,  fairly  typical  profiles  of 
D-region  electron  densities  are  presented  in  Figure  5-5  (Refer¬ 
ences  5-  14  through  5-  1  6).  Dur  ing  the  PCA  event  of  14  Apr  il  1 -*69, 
simultaneous  measurements  were  made  of  the  proton  flux  a"n  D- 
region  ionization  (Reference  5-15).  Figure  5-4  shows  the  ioniza¬ 
tion  rates  computed  from  the  proton  flux  measurements,  and  Figure 
5-5  shows  the  corresponding  electron-density  measurements. 
Mass-spectrometer  measurements  of  positive  and  negative  ion  com- 
position  were  made  during  the  PCA  event  of  2  November  19"9  (Refer¬ 
ences  5-17,  5-18).  Results  from  the  nighttime  positive-:  mea¬ 

surements  between  62  and  139  kin  sho  "ed  that  water  -  cluster  ions 
were  dominant  below  77  km  .nd  that  NO+  and  were  the  major 
ions  from  77  to  139  km.  Daytime  and  sunset  measurements  of  posi¬ 
tive  ions  were  made  between  73  and  144  km  and  between  "8  and  144 
km,  respectively.  NO+  and  were  the  dominant  ions  down  to  the 
lower  altitude  measurement  limitf  of  both  flights.  The  negative-ion 
measurements  showed  and  O  to  be  dominant  between  72  and  94 
km  for  daytime  and  nighttime  conditions,  respectively.  The  latter 
two  ions  were  undetectable  by  the  measurement  techniques  used, 
during  quiet- condition  observations. 
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Rocket-  and  ground-based  measurements  have  also  provided  in¬ 
formation  on  the  change  in  electron  density  and  ion  compositionduring 
a  solar  eclipse  (Reference  5-19).  A  significant  feature  cf  these 
measurements  is  that  the  electron  density  shows  a  large  decrease 
near  82  km  that  does  not  appear  in  the  positive- ion  profile.  This 
indicates  an  increase  in  the  negative-ion  concentration  near  the  maxi¬ 
mum  of  the  negative-ion  cluster  layer. 

While  atmospheric  and  laboratory  measurements  have  greatly  in¬ 
creased  the  detailed  understanding  of  the  D-region,  there  still  exist 
a  number  of  unresolved  questions  concerning  specific  ionization  and 
loss  processes.  Changes  in  the  concentrations  of  minor  neutral  con¬ 
stituents  appear  to  play  an  important  role  in  determining  changes  in 
ionization.  Metastable  species  such  as  (^(^Ag)  and  N(^D'  may  be 
important  in  affecting  the  ionization  rates  and  the  formation  of  com¬ 
plex  hydrated  ions. 

1  z 

Increases  of  electron  content  of  approximately  2  x  lO1*1  electrons 
m“2  (about  5  percent  of  the  total  ionospheric  content)  have  been  ob¬ 
served  following  solar  flares,  which  appear  to  be  due  to  increases 
in  F- region  ionization  owing  to  enhancement  of  the  solar  UV  flux 
(References  5-20,  5-21). 


Magnetic  storms  primarily  affect  the  F-region  ionization.  In 
middle  and  high  latitudes,  the  F-region  maximum  electron  density 
decreases  for  approximately  three  days  ar.d  then  returns  to  normal. 
The  minimum  may  be  only  6-10  percent  of  the  nominal  value  (Ref¬ 
erence  5-3).  In  equatorial  and  low  latitudes,  the  maximum  elec¬ 
tron  density  decreases  on  the  initial  storm  day,  and  then  increases 
above  the  normal  mean  for  the  next  two  days  before  returning  to 
normal.  Middle-latitude  stations  exhibit  both  types  of  disturbances 
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density  profiles  for  two  types  of  magnetically  disturbed  conditions, 
viz.  ,  negative  and  positive  variations  of  the  peak  electron  density 
(Reference  5-22). 


5.2  THE  NUCLEAR -PERTURBED 
ATMOSPHERE 

The  detonation  of  a  nuclear  device  in  the  atmosphere  produces 
effects  over  a  limited  volume  of  space  that  are  much  more  pronounced 
than  any  produced  naturally.  Each  detonation  produces  changes 
in  the  atmosphere  that  are  characteristic  of  the  given  weapon  yield 
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NEC  AT  I VE  PHASE  POSITIVE  PHASE 


ELECTRON  DENSITY  x  10-*  {cm'3) 


Figure  5-6.  Ideoiized  typical  ne*h  profiles  showing  negative  and 
positive  variations  of  the  peak  electron  density. 

(Obayashi,  Reference  5-22.) 

and  altitude.  "Typical"  curves  of  changes  for  an  atmospheric  ex¬ 
plosion  are  often  not  very  meaningful,  and  it  is  usually  necessary 
to  state  the  conditions  fairly  explicitly.  References  5-23  through 
5-25  are  useful  unclassified  sources  that  describe  the  nuclear  - 
weapon  environment. 

Detonations  below  about  300  km  produce  a  fireball,  a  region  of 
intensely  heated  air,  varying  in  size  from  a  few  tenths  of  a  kilometer 
to  several  tens  of  kilometeis.  Significant  changes  in  ionizatior  can 
occur  both  inside  and  outside  the  fireball.  Large  temperature  and 
density  changes  occur  primarily  in  and  near  the  fireball. 

In  addition  to  changing  the  properties  of  the  ambient  air,  a  nu¬ 
clear  v.<  Lpon  introduces  into  the  atmosphere  a  certain  amount  of 
foreign  material,  which  may  have  a  profound  effect  upon  the  state 
of  ioniz-tion  within  the  fireball. 
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5.2.1  Temperoture  Chonges 

Although  the  early-time  (ss  10“^  sec)  temperature  of  nuclear  fire¬ 
balls  is  of  the  order  of  10^K,  it  rapidly  drops  owing  to  radiative 
growth.  The  subsequent  cooling,  primarily  by  fireball  expansion 
and  air  entrainment,  is  more  gradual,  and  it  may  take  several  hun¬ 
dred  seconds  to  reach  ambient  values.  Fireball  temperatures  are 
generally  inferred  from  measurements  of  the  intensity  of  emitted 
radiation,  both  in  the  radio-  and  optical-frequency  regions.  Figure 
5-7  represents  fairly  typical  plots  of  fireball  temperatures  as  a 
function  of  time  after  burst  for  detonations  in  three  different  altitude 
regions.  The  time  scaling  with  detonation  altitude  and  yieid  is  com¬ 
plex  owing  to  the  interactionof  radiative  transport  and  hydrodynamics, 
which  are  both  altitude-  and  yield-dependent. 

Peak  temperatures  in  shock  fronts  that  propagate  outside  the  fire¬ 
ball  within  a  few  seconds  after  burst  are  a  strongly  decreasing  func¬ 
tion  of  range  from  the  burst  point  (propagation  into  constant  density). 
Typical  equilibrium  temperatures  at  low  altitudes  are  a  fe*  /  times 
ambient,  close  to  the  fireball.  Shocks  running  into  decreasing  den- 


Figure  5-7.  Examples  of  fireboll  temperctures  for  three  detonotion  regions. 
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sity  increase  in  strength,  and  at  high  altitudes  temperatures  several 
times  ambient  may  exi3t  in  the  shock  front  over  much  larger  dimen¬ 
sions.  Also  at  high  altitudes,  large  nonequilibrium  temperatures, 
e.g.,  vibrational,  may  occur. 

For  bursts  detonated  above  about  100  km,  X -ray  energy  deposited 
in  the  upper  D-  and  lower  E- regions  can  heat  the  neutral  gas 
sufficiently  to  cause  significant  upward  air  motion  in  the  E-  and  F- 
regions.  Electron  and  ion  temperatures  in  the  E-  and  F*  regions 
can  be  increased  by  weapon-energy  deposition.  The  increased  elec¬ 
tron  temperature  results  in  increases  in  •  electronic  temperatures 
of  oxygen  and  nitrogen  atoms  and  the  vib  ...onal  temperature  of 
molecular  nitrogen. 

5,2,2  Density  Changes 

At  the  elevated  temperatures  prevailing  w’thin  fireballs  that  have 
expanded  so  that  they  are  in  pressure  equilibrium  with  the  surround¬ 
ing  air,  the  density  inside  is  lower  than  the  ambient  density  outs'de 
by  approximately  the  ratio  of  the  inside  to  outside  (ambient)  tempera¬ 
ture.  Prior  to  the  establishment  of  pressure  equilibrium,  the  den¬ 
sity  is  intermediate  between  th’  two  valuer.  For  detonations  in  the 
D-  and  E-reg>ons,  the  fireball  may  rise  rapidly  enough  that  the  fire¬ 
ball  density  becomes  larger  than  that  of  the  surrounding  air.  Figure 
5-8  shows  calculations  of  normalized,  average  fireball  densities 
for  three  detonation  regions.  In  general,  the  difference  between 
fireball  density  and  ambient  density  at  a  given  alt.tude  is  small  in 
comparison  to  the  large  change  in  density  that  occurs  over  the 
altitude  region  through  whieh  a  fireball  rises. 

Higher  than  ambient  density  occurs  in  the  air  shock  front  outside 
the  fireball.  Typical  values  for  low-altitude  bursts  arc  a  few  times 
ambient  density  close  to  the  fireball.  At  high  altitudes,  where  the 
shock  propagates  into  decreasing  density,  the  density  in  the  shuck 
front  may  be  several  times  ambient  for  radial  distances  of  several 
hundred  kilometers  from  the  fireball.  Smaller  perturbations  in  the 
ambient  density  can  occur  ove,'  thousands  of  kilometers  as  the  shook 
wave  degenerates  into  acoustic  ana  acoustic-gravity  waves. 

Order -of- magnitude  increases  in  E-  and  F- region  air  density  can 
be  caused  by  upward  motion  of  air  heated  by  X-rays. 
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Figure  5-8.  Examples  of  fireball  density  for  three  detonation  regions. 


5.2.3  Ionization  Changes 

The  free  electrons  within  fireballs  at  temperatures  ahove  about 
3000  K  arise  primarily  by  thermal  ionization  of  the  contained  air 
and  the  weapon- case  material.  At  later  times  when  the  fireball 
temperature  is  lower,  fhe  free  electrons  may  arise  partly  by  ther¬ 
mal  ionization  of  the  metal  atoms  and  partly  by  beta-particle  ioni¬ 
zation  of  the  contained  air.  In  the  cooler  regions  outside  the  fire¬ 
ball.  a  prompt  -adiation  pulse  produces  a  large  initial  enhancement 
of  the  ionizativ.-,  The  ionization  level  subsequently  decays  to,  and 
is  maintained  at,  above-normal  values  by  delayed  beta-particle  and 
gamma-ray  emissions  from  the  nuclear -weapon  debr is .  Significant 
changes  in  the  existing  ionization  levels  can  also  he  caused  by  shock 
and  acoustic-gravity  waves,  which  may  propagate  in  the  ionosphere 
thousands  of  kilometers  from  the  burnt  point. 

No  direct  measurements  have  been  made  oi  ionization  inside  the 
fireball  regions.  Values  of  the  electron  density  are  usually  inferred 
from  measurements  of  radio-wave  absorption  in  the  disturbed 
regions.  Examples  of  inferred  electron-density  values  for  various 
specified  conditions  are  cited  below. 
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5.  2.  3.  1  INSIDE  FIREBALLS 

For  detonations  in  and  below  the  D-region,  ionization  levels  in 
the  fireball  are  not  maintained  above  single  ionization  because  of 
radiative  effects.  At  higher  detonation  altitudes,  multiple  ioniza¬ 
tion  may  be  important. 

After  a  few  seconds,  '.he  electron  density  within  a  fireball  is 
determined  by  either  thermal  ionization  of  the  air  or  beta-particle 
ionization,  depending  on  which  is  the  greater  source.  At  altitudes 
below  about  75  km,  reassociation  of  the  initially  dissociated  air  in 
the  fireball  occurs  rapidly;  electrons  can  recombine  dissociatively 
with  the  positive  molecular  ions  sufficiently  fast  that  the  thermal- 
erimlibriuiu  values  of  electron  density  are  maintained  as  the  tem¬ 
perature  drops.  The  electron  density  continues  to  fall  with  the 
temperature  until  a  point  is  reached,  beyond  which  the  subsequent 
rate  of  fall-off  is  determined  by  beta-particle  ionization.  For 
heights  above  about  75  kin,  the  molecular  reassociation  process  is 
less  rapid,  and  the  electrons  tend  to  recombine  with  the  positive 
atomic  ions  by  the  slower  radiative-collisional  recombination  pro¬ 
cess.  During  both  the  low-altitude  equilibrium  phase  and  the  high- 
altitude  nonequilibriu.n  phase,  the  electron  density  is  not  a  very 
sensitive  function  of  weapon  yield.  During  the  time  the  ionization 
is  controlled  by  the  beta  particles,  however,  the  resulting  electron 
density  is  approximately  proportional  to  the  square  root  of  the  wea¬ 
pon  yie;.d.  In  Figure  5-9,  curves  are  shown  depicting  calculated 
electron  densities  within  fireballs  for  the  three  detonation  re;-  o-’s 
used  in  the  two  previous  figures  to  illustrate  the  temperature  »nd 
density  variations.  The  results  are  consistent  with  deductions  from 
radio- ^ave  absorption  data. 

TVi.»  nirvin!  nf  Fim, re  5-4  are  renr esentative  of  disturhed  condi- 

- -  "  “  -  -  O  ■  * 

tions  within  nuclear  fireballs  in  which  the  metallic  content  is  small 
enough  not  to  influence  the  degree  of  ionization  to  an  appreciable 
extent. 

The  effect  of  metallic  species  within  fireballs  is  highly  specula¬ 
tive.  Iloweve’-,  if  metallic  ions  remain  atomic  for  long  periods  of 
time,  the  electron  density  in  fireballs  below  about  75  km  may  be  in¬ 
creased  significantly  at  times  later  than  a  few  seconds  after  detona¬ 
tion.  An  example  of  this  effect  is  shown  in  Figure  5-10.  Flotted 
here  are  curves  of  electron  density  as  a  function  of  time  computed 
for  a  firehall  of  a  medium -yield  weapon  detonated  at  40  km.  The 
assumed  metallic  content  of  600  pounds  of  aluminum  is  considered 
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to  be  distributed  uniformly  within  the  fireball  volume.  Curve  (1) 
represents  the  electron  density  corresponding  to  thermal  ioniza¬ 
tion  of  the  contained  air;  curve  (2)  represents  that  due  to  beta- 
particle  ionization  of  the  air;  curve  (3)  represents  the  ionization  that 
would  prevail  if  the  metallic  ionization  could  stay  in  thermal  equilib¬ 
rium;  and  curve  (4)  is  based  on  the  assumption  that  the  metallic 
ions  remain  atomic  so  that  the  ionization  cannot  diminish  fast 
enough  to  maintain  the  thermal  equilibrium  values.  It  can  be  seen 
that  an  order-of-magnitude  increase  in  the  estimated  electron  den¬ 
sity  can  result  from  the  presence  of  an  appreciable  number  of 
atomic  metal  ions. 

5.  2.  3.  2  OUTSIDE  FIREBALLS 

Most  of  the  total  weapon  energy  is  radiated  over  a  very  short  in¬ 
terval  of  time  and  produces  an  initial  pulse  of  ionization  outside  the 
fireball,  while  a  smaller  fraction  is  radiated  more  slowly  in  the 
form  of  beta  particles  and  gamma  rays.  Figure  5-11  shows  ioniza¬ 
tion  contours  representative  of  the  initial  pulse  for  a  one-megaton 
weapon  detonated  at  120  km.  Each  contour  is  labeled  by  the  appro¬ 
priate  horizontal  distance  in  km  from  the  burst,  and  a  "typical" 


ur  io‘  io' 

ION  PAIRS  (cm*3) 


Figure  5-11.  ton-pair  density  due  fa  prompt  radiation  from  a 
1-MT  burst  detonated  at  120  km,  t  =  0. 
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quiet  day  profile  of  electron  density  is  shown  for  comparison.  The 
prompt  ionization  scales  directly  with  the  weapon  yield.  For  higher 
detonation  altitudes,  the  ionization  is  more  widespread  but  less  in¬ 
tense  due  to  divergence.  At  lower  detonation  altitudes,  absorption 
of  X-rays  limits  the  extent  of  X-ray  ionization. 

The  D-region  ionization  level  maintained  by  the  delayed  beta  and 
gamma  radiations,  to  which  the  initUil  ionization  soon  decays,  is  de¬ 
pendent  upon  weapon  yield  and  upon  the  height  and  distribution  of  the 
fission  debris.  It  is  also  dependent  upon  the  deionization  chemistry. 
Typical  plots  of  the  ion-pair  production  rates  by  beta  and  gamma 
radiations  from  a  high-fission-yield  (1-MT)  weapon,  at  100  seconds, 
directly  beneath  the  volume  containing  the  fission  debris,  are  shown 
in  Figure  5-12.  The  debris  is  assumed  to  be  at  a  height  of  150  km, 
and  the  beta-particle  tube  is  assumed  to  be  perpendicular  to  the 
earth's  surface  benfath  the  debris  region.  The  production  rate 
scales  directly  with  the  fission  yield  and  inversely  with  (1  +t)^*  ^ 
and  the  square  of  the  debris  radius. 

The  elect'  on  density  profiles  corresponding  to  the  production 
rates  shown  in  Figure  5-12  are  shown  in  Figure  5-13.  These  have 


Figure  5-12.  Ion-pair  production  rates  from  beta  and  gamma  radiation 
benefit!*,  a  1-MT  fission  debris  region. 
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Figure  5-13.  Electron  density  profiles  corresponding  to  the  ion-pair 
production  rates  shown  in  Figure  5-12. 


been  computed  U3ing  the  "lumped-parameter"  approach  to  reaction 
rates  (Reference  5-26),  and  they  are  consistent  with  experimental 
deductions. 

The  decay  of  prompt  ionization  in  the  E-  and  f -regions  of  the 
ionosphere  is  affected  by  the  production  of  excited  states,  particu¬ 
larly  0(  -  D)  ,  N(^D)  ,  and  vibrationallv  excited  N£  .  In  addition, 
hydrodynamic  motion  caused  by  deposition  of  prompt  radiation  can 
be  a  significant  factor  in  determining  deionization  chemistry. 

Large-scale  traveling  disturbances  in  the  E-  and  F-regions  of  the 
ionosphere,  e.  g.  ,  shockwaves,  acoustic  waves,  and  acoustic  gravity 
waves,  can  be  caused  by  bursts  at  low  and  high  altitudes.  These 
traveling  disturbances  are  coupled  to  the  ionization  and  can  cause 
either  positive  or  negative  perturbations  to  the  existing  ionization, 
depending  upon  height,  total  energy,  wave  propagation  direction  with 
respect  to  the  geomagnetic  field,  and  other  parameters  (References 
5-27,  5-28). 
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5.2.4  Atmospheric  Composition  Changes 

Atmospheric  composition  changes  following  the  detonation  of 
nuclear  devices  undoubtedly  occur,  at  least  over  limited  volumes  of 
space  ana  for  limited  periods  of  time.  At  high  temperatures,  the 
air  is  highly  dissociated  and  ionized  by  collisional  and  radiative 
processes.  Unfortunately,  no  data  are  available  to  reach  any  firm 
conclusions  about  the  amounts  and  kinds  of  new  atmospheric  species 
that  may  be  produced.  While  the  amounts  and  types  of  contaminants 
introduced  from  the  weapon  case  and  rocket  carrier  are  known,  the 
subsequent  interactions  of  these  materials  with  the  air  are  not  well 
understood.  It  is  believed,  however,  that  a  fireball  may  carry  to  a 
higher  altitude  concentrations  of  species  {such  as  NO)  that  are  large 
relative  to  those  normally  present.  In  j.dt  >  ion,  when  the  fractional 
ionization  of  the  air  is  large,  dissociative  recombination  of  free 
electrons  with  positive  molecular  ions  liberates  atoms  of  nitrogen 
and  oxygen.  According  to  calculations  by  Branacomb  and  LeLevier 
(Reference  5-29),  the  nitrogen  atoms  oxidize  to  form  nitric  oxide 
on  a  relatively  fast  time  scale,  while  at  a  slower  rate  the  oxygen 
atoms  react  to  form  ozone.  Finally,  the  NO  and  O3  interact  to 
form  nitrogen  dioxide.  The  numerical  results  are  rather  dependent 
upon  the  fractional  ionization  and  the  altitude.  For  example,  a 
fractional  ionization  of  5  x  10“  ^  at  70  km  produces  an  ozone  concen¬ 
tration  more  t’  an  an  order  of  magnitude  greater  than  that  which 
exists  under  ambient  conditions. 


5.3  EXCITED  SPECIES 


Excited  species  appear  to  play  an  important  part  in  determining 
composition  and  ionization  in  both  the  normal  and  disturbed  atmo¬ 
spheres.  The  states  likely  to  be  of  most  importance  in  affecting  ioni- 
zaliou  are  the  rr.  eta  stable  states  with  relatively  long  radiative  life¬ 
times.  Detailed  information  concerning  excitation  and  deexcitation 
processes  for  e:--<_ii.ed  species  is  given  in  Chapter  20. 


non*  excited  states  that  appear  to  tie  important  in  determining 
the  undisturbed  D-rcginn  ionization  and  ion  composition  are  O^a 
O(^D)  ,  G(*S)  ,  and  N(^D)  .  In  the  E-  and  E-regions,  where  the  elec 
tron  temperature  can  be  higher  than  *be  neutral  gas  temperature, 
vibrational  excitation  of  nitrogen  molecules  affects  the  loso  rate  01 
atomic-oxygen  ions  {cl.  paragraph  20.  3.  1.  1). 

The  concentration  of  excited  species  can  be  greatly  increased 
during  disturbed  conditions.  Within  the  fireball,  a  significant  frac- 
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tion  of  the  metal  ions  may  be  excited  and  rapidly  converted  to  mole¬ 
cular  ions  (cf.  subsection  ZO.  3.  3),  Outside  the  fireball,  excited  states 
of  oxygen  may  be  responsible  for  preventing  the  formationof  hydrated 
ions  in  the  upper  D-  region,  with  consequent  effects  on  the  electron- 
ion  loss  rate.  As  noted  above  (subsection  5,  1 .  3),  the  altitude 
below  which  hydrated  ions  are  dominant  was  lowered  during  a  PCA 
event;  a  similar  phenomenon  apparently  occurs  following  nuclear 
bursts.  Very  high  electron  and  nitrogen  vibrational  temperatures 
can  be  produced  in  the  E-  and  F-regicns  by  nuclear  bursts.  In 
addition  to  their  effect  on  reaction  rates,  excited  states  are  signifi¬ 
cant  in  determining  the  rate  at  which  energy  deposited  in  the  upper 
atmosphere  from  a  nuclear  burst  is  converted  to  thermal  energy. 

Excited  states  are  responsible  for  a  variety  of  optical  effects  in 
both  the  normal  and  disturbed  atmospheres.  Radiations  from  auroras 
and  air  glow  are  used  to  study  atmospheric  composition.  Analysis 
of  optical  radiation  is  a  major  tool  in  the  study  of  regions  dis¬ 
turbed  by  nuclear  bursts. 

5.4  CHEMICAL  RELEASES 

Spectroscopy  of  resonant  scattering  and  chemiluminescence  from 
various  chemicals  released  from  rockets,  either  as  trails  or  as 
point  releases,  has  been  used  to  study  atmospheric  properties  (Ref¬ 
erence  5-30).  Trails  formed  by  sodium  and  by  trimethyl  aluminum 
have  proved  valuable  in  measuring  atmospheric  winds,  diffusion, 
and  turbulence  (Reference  5-31).  Information  on  upper-atmospheric 
composition,  temperature,  and  reaction  kinetics  is  also  obtain¬ 
able  from  releases  of  these  and  other  chemicals. 

Of  particular  interest  in  the  study  of  ionized  plasmas  is  the  re¬ 
lease  of  alkali  and  alkaline- earth  metals,  which  are  easily  ionized 
by  sunlight.  Twilight  releases  of  barium  in  the  ionosphere  have 
proved  useful,  because  both  the  neutral  barium  atoms  and  the  barium 
ions  have  strong  resonance  lines  in  the  visible  spectrum,  and 
the  neutral  and  ionized  clouds  produced  canbe  •'Tstinguished  by  color 
(Reference  5-3Z).  A  phenomenon  common  to  most  of  the  releases 
is  the  development  in  the  ionized  cloud  of  striations  or  columns  of 
enhanced  ionization  aligned  with  the  geomagnetic  field  (References 
5-  33,  5-34),  In  addition  to  studies  of  plasma  instabilities  and  field- 
aligned  striations,  barium  releases  have  been  used  to  map  the  iono¬ 
spheric  magnetic  and  electric  fields. 
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CHAPTER  6 


6.  THE  CHEMICAL  KINETICS  OF  THE 
DISTURBED  ATMOSPHERE 

M.H.  Bortner,  General  Electric  Company 
T.  Baurer,  General  Electric  Company 
(Latest  Revision  10  June  1971) 


6.1  INTRODUCTION 

The  contributory  role  of  chemical  rate  processes  within  the  pheno¬ 
menology  of  the  disturbed  atmosphere,  and  the  importance  of  an 
adequate  understanding  of  the  pertinent  chemical  kinetics  as  a  pre¬ 
requisite  to  the  simulation  and  quantitative  description  cf  such 
atmospheres,  are  summarised  very  briefly  elsewhere  in  this  Hand¬ 
book  {Chapter  1).  In  the  present  chapter,  the  specific  types  of  re¬ 
action  mechanisms  are  elaborated  in  somewhat  greater  detail.  Far¬ 
ther  on,  in  the  Group  C  Chapters  of  the  Handbook,  these  reaction 
types  are  described  individually,  and  the  numerical  values  charac¬ 
terizing  the  rates  of  chemical  reactions  are  specified.  Finally,  in 
Chapter  24,  all  relevant  chemical  rate  parameters  are  tabulated  for 
ready  reference,  by  reaction  type. 

Referring  once  again  to  the  brief  description  in  Chapter  1,  it  will 
be  recalled  that  three  specific  environmental  regions  were  defined, 
relative  to  the  very  early  post-burst  period,  viz.,  the  fireball  prop¬ 
er,  the  fireball  halo,  and  the  cool  disturbed  region  beyond  (Section 
1.  3).  It  will  be  recalled  as  well  that  for  each  cf  these  regions  a 
statement  was  made  as  to  the  relative  importance  of  conventional 
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very  hoi  plasmas.  It  was  noted  also  that  the  latter  types  of  inter¬ 
action  were  mor  i  typical  of  the  inner  regions,  while  the  former 
pertained  more  closely  to  the  outermost,  which  is  also  the  largest. 
Hence  it  ma,  be  interred  that  in  the  presei  f  chapter,  the  stress  is 
on  rate  processus  typifying  the  chemical  phenomenology  of  this 
outermost  cool  region,  with  some  applicability  to  the  fireball  halo 
as  well. 


6.2  REACTION  MECHANISMS 

In  the  complex  post-burst  chemical  kinetics  system,  the.  quanti¬ 
ties  of  most  interest  in  the  determination  of  the  overall  atmospheric 
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deionization  rate  include  the  free  electron  density,  the  electron  col¬ 
lision  frequency,  and  the  rate  of  decrease  of  electron  density  within 
the  region  considered,  as  functions  of  time  and  the  prevailing  environ¬ 
mental  parameters.  The  several  direct  and  ancillary  chemical 
mechanisms  which  are  recognized  as  important  in  the  normalization 
of  disturbed  atmospheres  are  listed  in  Table  6-1,  The  reactions  are 
generally  exothermic  when  read  as  written,  from  left  to  right.  In 
the  normal  atmosphere,  and  even  in  a  highly  ionized  atmosphere  which 
has  yet  to  come  to  thermal  equilibrium  but  is  rather  cool,  the  cor¬ 
responding  endothermic  reactions,  i.  e. ,  as  read  from  right  to  left, 
are  usually  unimportant.  The  degree  to  which  such  reactions  may 
be  important  is  functionally  dependent  upon  the  temperature  through 
the  inclusion  of  the  exponential  term  exp(-E/-ftT)  in  the  rate  constant. 
(Cf.  Chapter  24.)  Certain  exothermic  interactions  also  require  some 
energy  of  activation  for  reaction  to  occur.  These  have  a  similar  tem¬ 
perature  dependence  and  hence  a  similar  exponential  term  included 
in  their  rate  constants.  All  such  temperature-dependent  reactions 
tend  more  readily  than  elsewhere  to  occur  behind  the  post-burst 
shock  wave,  somewhat  as  in  the  case  of  similar  reactions  taking 
place  behind  a  reentry  shock  (Reference  6-1).  Thus  while  ioniza¬ 
tion,  excitation,  and  dissociation  of  ambient  species  are  engendered 
directly  by  the  radiative  flux  and  high-energy  particles  emanating 
from  the  burst,  the  same  chemical  reactions  may  also  be  initiated 
by  the  thermal  effects  associated  with  shock-wave  passage. 


In  regions  at  ambient  temperature,  the  most  important  chemical 
processes  are  those  by  which  free  electrons  disappear  by  entering 
exothermally  into  chemical  bonding  with  other  species,  including 
both  charged  and  neutral  atoms  and  molecules.  For  example,  elec¬ 
trons  are  removed  by  any  one  of  several  forms  of  direct  recombina¬ 
tion  with  positive  ions,  as  listed  under  Reaction  Type  I  in  Table  6-1. 
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which  is  very  rapid  and  prevails  in  the  presence  of  molecular  ions; 
radiative  recombination,  which  is  important  only  in  highly  dissociated 
atmospheres;  and  three-body  recombination,  which  occurs  to  a 
significant  extent  in  relatively  dense  atmospheric  media,  e.  g.,  at 
lower  altitudes. 


Electron  removal  is  accomplished  also  by  attachment  to  neutral 
species,  especially  O,  O^,  O3,  and  NO^,  according  to  the  processes 
listed  under  Reaction  Type  111  of  Table  6-1.  The  resulting  nega¬ 
tive  ions  are  then  removed  either  by  mutual  neutralization  involving 
two  or  three  colliding  bodies  (Reaction  Type  II  of  Table  6-1),  or 
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they  are  destroyed  by  detachment  (Reverse  Reaction  Type  ITT  01 
Table  6-1),  in  which  case  free  electrons  are  returned  to  the  reac¬ 
tion  mix.  The  other  Reaction  Types  listed  in  Table  6-1  involve 
either  the  transfer  of  charge  among  atomic  and  molecular  species 
with  no  net  effect  upon  the  total  ion  concentration  (Type  IV),  impor¬ 
tant  ancillary  reactions  of  the  neutral  species  (Type  V),  or  the 
transfer  and  radiation  of  quantum- state  energy  (Type  VI). 

The  definition  of  chemical  systems  related  to  disturhed  atmo¬ 
spheres  is  dependent  in  part  upon  an  awareness  of  the  possible 
reaction  types  listed  in  Table  6- 1 ,  and  more  specifically  upon  a  know¬ 
ledge  of  such  reaction  rate  constants  as  are  tabulated  in  Chapter  24 
and  elsewhere.  An  additional  determinative  factor  is  an  apprecia¬ 
tion  of  the  variability  of  atmospheric  composition,  both  in  time  and 
space,  and  of  the  predominant  energy  currents  within  the  atmo¬ 
sphere.  The  present  state  of  knowledge,  as  regards  these  two  con¬ 
cepts,  is  perhaps  best  summarized  in  Reference  6-2,  and  in  Chap¬ 
ter  4  of  this  Handbook.  One  final  item  of  input  to  atmospheric  chemi¬ 
cal  systems  definition  involves  the  highly  localized  thermal  climate, 
which  is  discussed  in  the  following  section. 

6.3  TEMPERATURE  DEPENDENCE 

The  dependence  of  all  endothermic  as  well  as  certain  exothermic 
reactions  upon  the  temperature  was  noted  briefly  above.  However, 
in  considering  extremely  localized  conditions  of  interaction,  especi¬ 
ally  at  very  early  post-burst  times,  it  is  necessary  to  recognize  the 
probability  of  a  lack  of  equilibration  among  the  various  available  de¬ 
grees  of  freedom,  and  hence  the  requirement  for  definitions  of  "tem¬ 
perature"  within  the  context  of  each  temperature-dependent  reaction 
in  the  atmospheric  system  under  study. 

For  example,  where  such  reactions  involve  the  collisional  inter¬ 
action  of  free  electrons,  it  is  the  translational  temperature  of  the 
electrons  which  is  controlling.  In  the  normal  atmosphere,  the  pre¬ 
sence  of  thermal  electrons  has  been  reported  at  altitudes  up  to  at 
least  120  km  (References  6-3,  6-4),  and  that  of  electrons  having 
high  translational  temperatures  has  been  indicated  above  200  km 
(Reference  6-5).  But  in  the  early  phases  of  a  disturbed  atmosphere, 
when  energy  relaxation  is  "'s  yet  incomplete,  large  concentrations  of 
relatively  "hot"  electrons  i  ay  exist,  especially  within  the  envi-cn- 
mental  regions  surrounding  a  nuclear  fireball. 
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Table  6-1.  Types  of  reaction . 

N.B.:  The  designation  "M"  includes  ony  and  all  catalysts, 
including  neutral  species,  molecular  and  atomic  'ons, 
and  electrons.  The  letters  "W",  "X",  "Y",  ond  "Z" 
each  may  designate  any  and  all  reocting  species  other 
than  the  electron,  but  including  atoms  (e.g.,  N,  O, 

H),  free  radicals  (e.g.,  OH,  NO3),  and  either  free 
or  bonded  molecules  (e.g.,  NO,  H2O).  The  use  of  o 
pair  of  these  letters  (e.g.,  WX,  YZ)  in  designating  a 
species  does  not  in  any  way  reflect  on  the  complexity 
of  the  substonce  so  designated;  such  usage  merely  facili¬ 
tates  the  symbolic  representation  of  portloular  reaction 
types.  (Cf.  Pars.  6.4. 1  and  6.4.2.)  It  should  be 
noted  in  addition  that  all  reaction  types  listed  in  this 
table  are  represented  by  specific  cases  in  the  tables  of 
Chapter  24  (where  they  are  ciossified  according  to  the 
types  here  included),  except  for  several  which  are 
asterisked  (*  )  below;  the  latter  types  have  been  in¬ 
cluded  here  for  the  sake  of  completeness  of  coverage, 
and  to  allow  for  possible  future  expansion  of  the  table. 

I .  Ion-Electron  Recombination  vs.  lonizotion 

A.  Radiative  Recombination  vs.  Photo- 

ionization _ X  >  e  =  X  +  hu 

B.  Three-Body  Recombination  vs. 

Col  I  isional  Ionization _ X  +e+M=:X+M 

C.  Dissociative  Recombination  vs. 

Associative  Ionization _ _  XY  +  e  =  X  +  Y 

*D.  lon-Flectron  Recombination  with 

Dissociotion  vs.  Ionization  with 

Association _ X  +  e  +  YZ  =  X  +  Y  +  Z 

*E.  Ion-Electron  Recombinoticn  with 

Rearrangement  vs.  lonizotion 

with  Rearrangement _ W  +  X  +e=Y+Z 

II .  Ion-Ion  Recombinotion  vs.  Ion-Pair 

Formotion 

A.  Mutual  Neutralization  vs.  Ion-Pair 

Formation  X  +  Y  =  X  +  Y 
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Toble  6-1 .  (Cant'd) 


B.  Three -Body  Associotive  Ion -Ion 

Recombinotian  vs.  Dissaciotive  or 
Three-Body  lon-Poir  Formation. _ 

_ X+  +  Y~  +  M  =  XY  +  M 

C.  Dissaciotive  Ion-Ion  Recombinotian 
vs.  Three-Body  Associotive  lon- 
Pair  Formation 

=  X  + Y  +M 

_ XY+  +  Z~  =  X+  Y  +  Z 

D.  Ion-Ion  Recombinotion  with  Re- 

oirongement  v$.  Ion-Pair  Formotion 
with  Rearrangement 

_ W+  +  X”  =  Y  +  Z 

III. 

Attachment  vs .  Detochment 

A.  Rodiotive  Attachment  vs.  Phato- 

detaehment 

—  X  +  e  =  x"  +  hi/ 

B .  Three  -Body  Attochment  vs . 
Collisiano!  Detochment 

_X  +  e  +  M  =  X"  +  M 

C.  Dissociotive  Attochment  vs. 
Associative  Detachment 

_ XY  +  e  =  X  ~  +  Y 

*D.  Attochment  with  Rearrangement 

vs.  Detochment  with  Reorrange- 

ment  _ 

_ W  +  X  +  e  =  Y  +  Z 

!V, 

lon-Neutrol  Reactions 

A.  Positive-Ion  Chorqe  Transfer 

__  X+  +  Y  -  X  +  Y+ 

fl.  Positive -Ian -Atom  Interchange 

_  W+  +  X  -  Y+  +  Z 

C.  Negative -Ion  Charge  Tronsfer 

_ X~  +  Y  -  X  +  Y~ 

D.  Negotive-lcn -Atom  Interchange _ 

_  W"  +  X -Y“  +  Z 

E.  Radiative  Pasitive-lon-Neutral 
Association  vs.  Pasitive-lon 
Photodissociatinn 

__  X+  ;  '  -  XY+  +  hv 

F.  Three -Body  Positive -Ian -Neutrol 
Association  vs.  Positive -Ion 
Collisional  Dissociation  .... 

_ X+  +  Y  +  M  =  XY+  +  M 
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Table  6-1 .  (Cont'c1) 


G.  Radiative  Negative -Ion -Neutral 
Association ,  Negative-Ion 
Phatadissociation  ...  __ 

_X'  +  Y  =  XY"  +  hy 

H.  Three-Body  Negative-lan-Neutral 
Association  vs.  Negative-lan 
Collisional  Dissociation _ 

™X_  +  Y  +  M  =  XY‘  +  M 

V.  Neutral  Reactions 

A.  Radiative  Neutral  Recombination 
vs.  Neutral  Photodissaciction  . 

_  X  +  Y  =  XY  +  hy 

B.  Three -Body  Neutral  Recombination 
vs.  Neutral  Callisional 

Dissociation 

_X  +  Y  +  M  =  XY  +M 

C.  Rearrangement 

__W  +  X-Y  +  Z 

VI.  Quoutum-State  Energy  Transfer 

A.  Radiative  Electronic-State  De¬ 
excitation  vs.  Electranic-State 

Phntnexcitation 

_X*  =  X  +  hy 

B.  Collisianal  Electronic-State 
Quenching  vs.  Collisianal 
Electronic-State  Fxeitatinn 

._X*+M  =  X  +  M 

C.  Radiative  Vibrational -State  De¬ 
excitation  vs.  Vibrational -State 
Phatoexeitation 

_  X*  -  X  +  hy 

D.  Collisional  Vibrational -State 
Quenching  vs .  Collisianal 
Vihratianal -State  Fxcitatian  _ 

_X*  +  M  =  X  +  M 

*E.  Collisianal  Electronic  Energy 

ie  ff 

Exchange 

_X  +Y-X+Y 

F.  Collisianal  Vibrational  Energy 
Exchange 

_X*  +  Y  -  X  +  Y* 

*G.  Electronic-Vibrational  Energy 

Transfer  vs.  Vibrational -Electronic 
Energy  Transfer 

1 

*  t 

_X  +  Y  =  X  +  Yf 
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Similarly,  other  temper  atur  e-dependent  reactions  may  be  uniquely 
controlled  by  the  translational  temperature  of  particular  collision 
or  interaction  partner  s  or  classes  of  partners,  e.  g.  ,  neutrals,  ions. 
In  some  instances,  it  has  been  shownthat  the  vibrational  temperature 
of  diatomic  reactants,  e.  g.  ,  molecular  nitrogen,  either  parti¬ 
ally  or  totally  governs  the  rates  of  certain  reactions.  A  dual  depen¬ 
dence  upon  both  translational  and  vibrational  temperatures  was 
found  to  be  rate-determining,  for  instance,  in  (Refer ences  6-6,  6-7): 

Cf  +  N*  -  NO+  +  N  . 

A  final  consideration  in  this  regard  is  the  question  as  to  whether 
and  to  what  degree  the  rates  of  temperature-dependent  reactions  may 
be  affected  by  the  entry  into  the  process  of  oue  or  more  reactants  in 
a  state  of  electronic  excitation.  Presumably  the  energy  magnitude 
involved  in  the  excitation  would  be  expected  to  contribute  to  the  ac¬ 
tivation  energy  requirement.  What  is  not  known,  however,  or  even 
presumed,  is  whether  the  probability  term  inherent  in  the  pre-expo¬ 
nential  factor  of  both  endo-  and  exothermic  rate  constants  is  affected 
significantly  by  the  quantum  states  of  individual  reacting  species. 

6.4  ION  RECOMBINATION  PROCESSES 

Although  recombination  and  attachment  are  the  two  p-incipal  mecha¬ 
nisms  for  the  removal  of  free  electrons,  many  other  reaction  types 
play  important  roles  in  support  of  these  processes.  The  rates  of 
electron  disappearance  by  the  above  routes  depend  upon  the  specific 
recombining  ionic  or  attaching  neutral  interaction  partner.  The 
identities  and  concentrations  of  these  reactants  are  controlled  in 
turn  by  the  output  of  ion- neutral  and  neutral- neutral  reactions  (Types 
IV  and  V,  respectively,  of  Table  6-1).  This  is  more  readily  illus¬ 
trated  by  considering  the  chemical  dynamics  of  the  ionic  species 
than  of  the  electrons.  However,  it  must  bo  remembered  that,  de¬ 
spite  any  apparent  contradiction  in  emphasis,  it  is  still  the  free 
electron  which  is  the  critical  species  in  determining  the  overall 
electrical  balance  of  the  reacting  g?seous  mixture.  In  the  subsec¬ 
tions  which  follow,  the  processes  relating  to  molecular  ions  are 
treated  first;  the  more  complex  problem  posed  by  atomic  ions  is 
corsidered  thereafter. 


6.4.1  Molecular  Ion  Recombination 

The  principal  mechanism  by  which  molecular  ions  are  neutralized 
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is  dissociative  recombination: 

XY+  +  e  -  X  +  Y  ,  (I.  C)* 

where  the  products  X  and  Y  may  be  atomic  (e.  g.  N,  O,  or  H)  or 
molecular  (e.  g.  N21  Og,  NO,  or  H2O).  By  extension,  this  class  of 
reactions  may  be  generalized  to  a  form: 

X  Y  Z++e  -  mX+nY+pZ  , 
m  n  p 

whereby  a  great  many  complex  ions  (e.g.  mono-  and  polyhydrates  of 
NO+  and  of  H+)  are  included  among  the  possible  interacting  species. 

Alternatively,  molecular  ions  are  removed  by  the  three-bodv 
process: 

X+  +  e+  M-  X+  M  .  (I.  B) 

which  in  the  general  case  may  be  expressed  as: 

X  Y+  +  e  +  M  -  X  Y  +  M  . 
m  n  m  n 

In  this  mechanism,  M  may  represent  any  neutral  or  ionic  species  or 
an  electron,  and  the  ion  being  neutralized  may  be  atomic  or  mole¬ 
cular,  of  any  degree  of  complexity,  provided  the  product  X  or  XmYn 
is  itself  a  stable  species. 

Necessary  precursors  to  the  above  processes  of  typ'-s  1.  C  and 
I.  B  sometimes  include  the  association  of  relati  vely  simple  positive 
ions,  i.  e.  ,  of  atomic  or  diatomic  composition,  with  neutrals  to 
form  more  complex  positive  ions,  including  polyhydrates.  This 
buiid-up  is  accomplished  either  via  three-body  coiiision: 

X+  +  Y  +  M  -  XY+  +  M  ,  (IV.  F) 

or  radiatively: 

X+  +  Y  -XY+  +  hu  .  (IV.  E) 


!'-'The  numbers  given  in  parentheses  are  representative  of  reaction 
types  as  listed  in  Table  fc>-l. 
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In  the  general  case,  these  mechanisms  are  expressed,  respectively, 
as: 

X  Y+  +  Z  +  M  ~  X  YZ++M, 
m  n  m  n 

and: 

X  Y+  +  Z  -  X  Y  Z+  +  hV  . 
m  n  rn  n 

Finally,  molecvlar  as  well  as  atomic  ions  are  neutralized  by  inter  - 
action  with  negative  ions,  both  atomic  and  molecular,  which  have 
themselves  been  formed  by  electron  attachment.  Neutralizations  in 
this  manner  may  proceed  by  any  of  several  paths,  e.g.  : 

X+  +  Y~  -  X  +  Y  (II.  A) 

X+  +  Y"  +  M  -  XY  +  M  (or  X  +  Y  +  M)  (II.  B) 

XY+  +  Z"  -  X+  Y+  Z  .  (II.  C) 

As  in  the  other  reaction  types  mentioned  above,  each  of  these  is  also 
capable  of  generalization  to  include  those  specific  instances  in  which 
the  positive  ion  of  interest  is  itself  a  complex  polyatomic  species. 
Furthermore,  ihese  reactions  are  sometimes  accompanied  by  re¬ 
arrangement  among  the  internal  chemical  bonds  making  up  the  two 
interacting  species: 

W+  +  X“  -  Y  +  Z  ,  (II.  D) 

in  a  manner  similar  to  the  rearrangement  reactions  of  neutrals. 


6.4.2  Atomic  Ion  Recombinotion 

Some  of  the  mechanisms  which  are  important  in  the  neutralization 
of  molecular  ions  are  also  important  in  the  removal  of  atomic  ions. 
Other  reaction  types,  however,  play  significant  roles  primarily  or 
solely  with  respect  to  the  latter,  Thus  direct  radiative  recombina¬ 
tion; 


X +  e  •  X  +  hV  ,  ( I.  A) 

comes  into  play  to  a  significant  extent  only  where  many  atomic  ions 
and  few  molecules  are  found,  i.  e. ,  at  high  altitudes  in  a  highly  ionized 
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atmosphere.  On  the  other  hand,  while  three-body  recombination: 

X+  +  e+  M-*X-l'M  (I,  B) 

is,  as  noted  above,  an  important  means  of  removing  molecular  ions, 
it  also  relates  strongly  to  the  neutralization  of  atomic  ions,  primarily 
in  dense  regions  when  many  such  ions  are  present,  i.  e.  ,  in  highly 
ionized  atmospheres  at  low  altitudes. 

Similarly,  the  two  positive-ion- neutral  association  processes 
which,  according  to  the  discussion  above,  are  responsible  for  the 
build-np  of  polyhydrated  and  other  complex  positive  ions,  also  come 
into  play  as  effective  means  of  removing  positively  charged  atoms, 
i.  e. ,  hy  converting  them  into  molecular  species,  either  radiatively: 

X+  +  Y  -  XY+  +  hv  ,  (IV.  E) 

or  via  three-body  interaction: 

X r  +  Y  +  M  -  XY+  +  M  .  (IV.  F) 

In  either  event,  the  ions  produced  are  then  subject  to  the  removal 
mechanisms  outlined  for  molecular  ions.  This  serie-;  of  reactions 
tends  to  be  important  primarily  in  very  highly  dissociated  atmo¬ 
spheres  in  which  the  total  concentration  of  atoms  greatly  exceeds 
that  of  electrons. 

Another  means  by  which  atomic  ions  are  removed  by  transforma¬ 
tion  to  molecular  ions,  and  by  far  the  most  common  such  means,  in¬ 
volves  charge  transfer: 

X*  +  Y  -  X  +  Y1  ,  (IV.  A) 

which  may  be  accompanied  by  atom  interchange: 

W4  +  X  -  Y+  +  Z  .  (IV.  B) 

These  reaction  types  usually  are  characterized  by  rate  constants 
which  are  considerably  higher  than  those  for  other  modes  of  atomic 
ion  removal.  Their  importance  to  any  given  atmospheric  chemical 
system  is  limited  only  by  the  availability"  within  the  reaction  matrix 
of  neutral  molecular  concentrations  of  a  magnitude  sufficient  to  en¬ 
sure  an  adequate  col’ision  frequency.  Thif  condition  is  met,  inhighly 
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dissociated  atmospheres,  by  the  occurrence  as  precursor  events 
of  neutral  atom  recombinations  taking  place  either  radiatively: 

X  +  Y  -  XY  +  hv  ,  (V.  A) 

or  through  three-body  collision: 

X  +  Y+  M-XY+M.  (V.  B) 

Since  both  of  these  mechanisms  are  reversible,  either  through  the 
appropriate  form  of  irradiation  in  an  optically  thick  medium  or 
through  a  sufficiently  energetic  two-body  collision,  the  entry  of 
XY-type  products  into  charge  transfer  or  charged  rearrangement 
interactions  with  atomic  ions  is  competitive  kinetically  with  their 
redissociation  into  neutral  atoms.  Sometimes,  depending  upon  the 
particular  species  involved  and  the  particular  atmospheric  system 
under  consideration,  the  odds  in  this  competition  may  be  changed 
significantly  one  way  or  the  other  by  the  interim  occurrence  of 
neutral  rearrangements: 

W  +  X  -  Y  +  Z  .  (V.  c) 

One  final  mechanism  for  the  removal  of  atomic  ions,  which  is 
important  within  and  in  close  proximity  to  the  fireball,  is  called 
collisional-radiative  recombination.  This  process  has  nr*  been 
schematized  in  Table  6-1,  inasmuch  as  it  involves  a  complex  com¬ 
bination  of  radiative  recombination  (I.  A),  three-body  recombination 
(I.  B),  and  collisional  excitation  and  deexcitation  (IV.  B). 

6.4.3  Ion  Recombination  Summary 

The  r econ'iuiiiatiou  mechanisms  of  atomic  ions,  including  both 
ambient  and  contaminant  metallic  species,  are  important  primarily 
at  high  altitudes  and  in  highly  dissociated  atmospheres.  The  rela¬ 
tive  importances  of  individual  mechanisms  vary  with  the  conditions 
prevailing  in  a  given  system  under  consideration.  Thus,  when  the 
concentration  of  neutral  molecules  is  at  least  as  great  as  that  of  the 
atomic  ions,  charge  transfer  (IV.  A,  B)  tends  to  dominate.  However, 
there  are  large  zones  in  which  the  concentration  of  atomic  ions 
greatly  exceeds  that  of  the  neutral  molecules.  This  is  especially 
true  in  the  natural  atmosphere  at  altitudes  of  300  km  ar.d  above,  and 
in  disturbed  atmospheres  appreciably  below  this  level.  In  such  case 
another  mechanism  must  take  precedence.  Thus  for  some  sets  of 
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conditions,  the  importance  of  charge  transfer  is  dependent  upon  the 
rate  of  precursor  atom  recombination  (V,  A,  B).  However,  ion-atorr. 
association  (IV.  E,  F)  is  sometimes  significantly  faster  in  such  circum¬ 
stances,  Further mor e,  wherever  there  is  essentially  complete 
dissociation  and  ionization,  as  in  and  near  the  fireball,  only  the  com¬ 
plex  collisional-radiative  recombination  can  occur  in  the  initial  stages 
of  deionization.  After  enough  neutral  atoms  have  been  formed  in  ion- 
electron  recombination  (I.  A,  B),  other  mechanisms  including  attach¬ 
ment  (III,  A,  B),  ion-atom  association  (IV.  E,  F),  charge  transfer 
(IV.  A,  C),  and  mutual  neutralization  or  recombination  (II.  A,  B)  all 
tend  to  assume  increasingly  important  roles  in  the  overall  chain  of 
events.  Ultimately  the  positive  molecular  ions  produced  by  charge 
transfer  (IV.  A,  B)  and  associative  processes  (IV.  E,  F)  are  themselves 
neutralized  primarily  by  dissociative  recombination  (I.  C),  throe-body 
recombination  (I.  B),  and  to  a  lesser  degree  of  importance  by  any  one 
of  several  ion-ion  recombinations  (II.  A-  D)  involving  negative  ions, 
both  atomic  and  molecular. 

It  is  imperative,  in  analyzing  perturbed  atmospheres  and  their 
associated  chemical  phenomenologies,  that  all  these  mechanisms  be 
taken  into  account.  Actual  determination  of  the  relative  importance 
of  individual  deionization  mechanisms  depends  on  a  knowledge  of  the 
values  of  all  the  rate  constants  involved.  The  high  degree,  amount¬ 
ing  to  orders  of  magnitude,  of  uncertainty  in  certain  kinetic  para¬ 
meters  sometimes  adds  considerable  difficulty  to  the  accurate  predic¬ 
tion  of  the  dominant  operative  processes  in  the  atmospheric  chemi¬ 
cal  systems  of  greatest  concern. 

6.5  OTHER  KINETIC  CONSIDERATIONS; 

THE  ROLE  OF  METASTABLE  STATES 

Endothermic  reactions  generally  tend  to  contribute  less  Import¬ 
antly  to  the  overall  deionization  phenomenology  than  exothermic  re¬ 
actions.  However,  although  detachment  processes  are  usually  endo¬ 
thermic,  as  indicated  by  their  presentation  in  the  reverse  mode 
in  Table  6-1  (i.  e.  .  to  be  read  from  right  to  left),  certain  associative 
detachments  (111,  C)  are  ,<i .  For  example,  the  reaction  +  O* 

Oj  1  c  is  indeed  endothermic,  but  0%  HO-  O3  +  e  and  O'  ■*-  O  - 
O?  *-  e  are  exothermic.  The  latter  pair  of  interactions  play  a  sig¬ 
nificant  role  in  atmospheric  deionization  kinetics  under  some  condi¬ 
tions,  insofar  as  they  tend  to  act  m  opposition  to  other  processes 
contributing  to  the  electron  density  decay.  By  the  same  token,  the 
corresponding  dissociative  attachments,  1,  e.  ,  the  reverse  of  the 
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last  two  reactions  cited,  are  endothermic,  unlike  most  attachments, 
and  therefore  tend  to  delay  the  disappearance  of  electrons  at  altitudes 
below  about  80  km  in  relatively  undissociated  atmospheres,  where 
the  concentration  of  molecular  oxygen  is  therefore  much  greater  than 
that  of  oxygen  atoms. 

Among  other  endothermic  processes,  photoionization  (I.  A),  nhoto- 
detachment  (III.  A),  and  photodissociation  (IV.  E,  G;  V.  A)  require  no 
kinetic  energy  input,  since  they  derive  all  their  endothermicity  from 
radiative  sources,  it  follows  that  these  become  important  in  systems 
having  an  appreciable  time  scale,  and  an  effective  radiating  source, 
e.  g.  ,  during  daylight  hours  under  solar  irradiation. 

The  role  played  in  chemical  kinetics  by  gaseous  reactants  in  ex¬ 
cited,  as  opposed  to  ground,  electronic  and  vibrational  states  is  an 
area  which  has  be-m  and  continues  to  be  subject  to  increasingly  in¬ 
tensive  investigation.  This  is  amply  demonstrated  by  the  depth  of 
treatment  accorded  to  the  subject  elsewhere  in  this  Handbook,  viz.  , 
Chapter  20.  Within  the  present  context,  !•  owever.  certain  features 
relating  to  excited- state  effects  are  w  r  of  special  emphasis. 

Thus,  while  a  number  of  ea_iy  analyses  •  r-y  be  cited  (References 
6-8  through  6-11}  which  pertain  to  oxci.  d  states  in  the  natural  atmo¬ 
sphere,  it  is  in  relation  to  the  disturbed  envirenment  following 
a  nuclear  burst  that  the  greatest  interest  arises  with  respect  to  the 
populations  and  interactions  of  electronically  and  vibrationally  ex¬ 
cited  species,  For  it  is  here  that  the  initial  thermal  nonequilibrium, 
combined  with  the  subsequent  chemistry,  tends  to  perpetuate  a  rela¬ 
tively  high  degree  of  internal  molecular  and  atomic  disequilibrium. 

As  a  result,  metastable  states  of  the  major  atmospheric  constituents 
come  to  develop  relatively  large  concentrations,  and  therefore  in¬ 
trude  directly  and  significantly  into  the  deionization  phenomenology, 
through  direct  interaction  with  charged  species  as  well  as  through  a 
measure  of  control  of  neutral  species  densities. 

It  is  to  be  expected,  for  instance,  that  the  rate  constants  of  indi¬ 
vidual  reactions  should  be  altered  by  the  substitution,  for  a  given 
reactant  in  its  ground  stale,  of  an  excited  allotrope  of  the  same 
species,  since  the  spin  properties  and  energetics  of  excited  species 
generally  differ  from  those  of  the  corresponding  unexcited  substances. 
These  rti/fc.  ences  in  spin  may  change  a  spin-forbidden  reaction 
to  an  allowed  one,  or  vice  versa,  and  the  internal,  energy  associated 
with  electronic  or  vibroiional  excitation  may  be  sufficient  to  convert 
an  o  herwisc  endothermic  reaction  to  an  exothermic  one,  or  at  least 
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to  reduce  the  degree  of  endothermicity .  Laboratory  results  have 
long  since  confirmed  these  expected  effects  (References  6-12  through 
6-18).  For  example,  while  collisional  detachment  from  0;>  is  endo¬ 
thermic  for  reactants  in  the  ground  state,  it  becomes  exothermic 
when  the  colliding  partner  is  either  vibrationally  excited  nitrogen  or 

electronically  excited  oxygen,  OHa^A  ). 

c.  g 

Moreover,  beam  experiments  with  species  unrelated  to 
atmospheric  systems  have  indicated  that  in  certain  instances  the 
translational  energy  of  reactants  is  ineffective  in  meeting  activation 
energy  requirements  of  endothermic  interactions,  but  that  internal 
energy  of  excitation  is  actually  a  requirement  (Refeience  6-19).  It 
would  appear  to  be  a  matter  of  the  deepest  concern  that  any  other 
reactions  of  similar  requirement  but  greater  pertinence  to  disturbed 
atmospheres  and  to  the  E  and  F  regions,  where  the  assumption  of 
local  thermodynamic  equilibrium  would  be  invalid,  be  identified 
forthwith.  For  all  such  cases,  rate  constants  which  have  been  de¬ 
termined  on  the  basis  of  equilibrium  considerations  would  simply 
not  be  applicable  to  the  environments  and  time  frames  of  greatest 
concern.  Finally,  the  reader's  attentio,  is  redirected  to  two  reac¬ 
tions  the  kinetics  of  which  have  been  s'n  wn  to  depend  upon  vibra¬ 
tional  temperature.  These  are:  the  charged  rearrangement 
0+  +  N?  -♦  NO*  +  N  (discussed  in  Section  6.  3,  above),  and  the  dis¬ 
sociative  attachment  O2  +  e  -  O"  +  O  (discussed  in  Chapter  20  of 
this  Handbook),  which  are  controlled  by  the  vibrational  temperatures 
of  nitrogen  and  oxygen,  respectively. 

In  the  foregoing  paragraphs,  specific  examples  have  been  cited 
for  which  the  states  of  internal  electronic  or  vibrational  energy  of 
reacting  species  art;  known  to  affect  the  deionization  rate  chemistry. 
Indeed,  whereas  the  rates  of  most  of  the  important  reactions  are  so 
rapid,  even  with  ground- state  reaotanis,  that  the  eouoenlcd..  ions  >;f 
metaslablcs  would  have  to  approach  parity  with  those  of  their  un¬ 
excited  counterparts  before  they  could  be  expected  to  affect  the  over¬ 
all  result  of  the  operative  deionization  mechanisms  to  any  signifi¬ 
cant  degree,  nevertheless  this  certainly  can  happen,  especially  in 
the  warmer  and  carher  spatial  and  temporal  regions  associated 
with  nuclear  bursts.  In  fact,  many  endothermic  reactions,  turned 
exothermic  by  virtue  of  the  internal  excitation  of  their  reactants, 
may  he  shown  to  dominate  the  deionization  phenomenology,  even  at 
significantly  lower  densities  than  the  corresponding  ground- state 
spec:  ies. 
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Those  electronically  and  vibrationally  excited  species  which  ap¬ 
pear  to  affect  the  disturoed  atmosphere  most  particularly  may  be 
cited  here.  They  include  vibrationally  excited  N2.  C>2.  C>2,  perhaps 
N^,  and  for  those  conditions  where  its  presence  is  acknowledged,  CO. 
The  cumulative  effect  of  these  metastables  directly  determines  the 
overall  vibrational  temperature.  The  designations  and  some  of  the 
effects  of  electronically  excited  species  of  particular  importance 
are  as  follows: 

!\  \  /l  +\ 

^  Agj  and  ^  £  I  alter  the  rate  constants  of  such  reac¬ 
tions  as  N  +  O2  -  NO  +  O  (Reference  6-2). 

0(1  D)  reverses  the  endother micity  of  the  charge  exchange  between 
O2  and  O,  and  enhances  exothermic.ity  in  other  reactions  of  this  type. 
Its  production  rate  constant  via  the  dissociative  recombination  of 
NO+  is  unknown. 


2 

N(  D)  similarly  affects  the  direction  cf  energy  flow  associated 
with  charge  exchange,  e.  g.,  in  O  +  N,  and  also  appears  to  affect  the 
chemistry  of  the  neutral  rearrangement  with  Its  rate  of  forma¬ 

tion  in  the  dissociative  recombination  of  N2  is  uncertain. 

+  2 

O  (  D)  also  enters  into  the  energetics  of  charge  exchange,  especi¬ 
ally  with  N  and  N2  » 

Nj(a3<,).  n2  (b  3ng),  n+(a2hu).  n1(b2eJ).  no(aV), 

NO  2Ur),  0+(a  2nu),  and  02(b  are  all  important  contri- 

butors  to  the  radiative  emis&'ion  of  the  early  post-burst  envir onment, 
and  to  some  extent  may  enter  into  the  chemical  kinetics  as  well  in 
media  dense  enough  to  provide  characteristic  collision  times  com¬ 
parable  with  the  respective  radiative  lives. 


o?(alnu)e 


nters  into  the  chemical  scheme  by  way  of  its  partici¬ 


pation  in  charge  transfer  and  charged  rearrangement. 


A  primary  concern  in  evaluating  the  problems  of  deionization 
kinetics  in  the  disturbed  atmosphere  is  that  of  identifying  key  reac¬ 
tions  in  terms  of  tolerable  limits  of  uncertainty  on  their  respective 
rate  parameters.  The  value  of  this  aspect  of  the  total  analytical 
treatment  has  been  recognized  for  some  years  (Reference  6-20). 

It  continues  to  be  considered  among  the  most  central  areas  for  inves- 
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tigation.  Such  studies  as  were  reported  in  Reference  6-20  typically 
start  by  assuming  a  number  of  candidate  reactions  and  rate  para¬ 
meter  s  within  a  given  system,  and  then  proceed  to  vary  the  pertinent 
numbers  both  individually  and  in  combinations  or  groups.  Conclu¬ 
sions  are  drawn  from  the  results  of  system  computations,  as  to 
the  significance  of  these  variations  in  determining  the  overall  sys¬ 
tem  dynamics,  and  uence,  as  to  the  real  necessity  for  resolving  exist¬ 
ing  uncertainties.  From  such  studies  there  eventually  issue  forth 
concrete  indications  as  to  the  most  promising  directions  for  further 
laboratory  experimentation. 


6.6  DATA  GATHERING,  INTERPRETATION, 

AND  USE 

Reaction  rate  constants  comprise  primary  data  necessary  for 
chemical  kinetics  calculations  related  to  the  disturbed  atmosphere. 
These  data  are  obtainable  through  laboratory  experiments,  theoreti¬ 
cal  analyses,  and  atmospheric  observations  and  measurements,  the 
specific  methods  for  which  are  described  in  Chapter  Group  B  of  this 
1  landbook. 

Rate  data  derived  from  any  of  these  sources  are  usually  presented 
in  one  of  two  forms.  The  first  of  these  is  the  rate  constant  itself, 
which  is  not  always  a  true  constant  inasmuch  as  it  is  functionally  de¬ 
pendent  on  the  temperature.  This  dependence  is  most  simply  ex¬ 
pressed  in  the  form:  k  =  aT^  exp( -c/ T),  where  a,  h,  and  c.  are  charac¬ 
teristic  for  a  given  reaction,  and  the  rate  "constant",  k  ,  reflects 
the  kinetics  of  the  reaction  in  question  under  conditions  such  that 
the  reactants  are  Boltzrnannian  with  respect  to  their  allowable  state 
distributions.  The  possibility  of  departures  from  Boltzmann  statis¬ 
tics  in  <  crt.ain  cases  was  treated  earlier  in  tills  Chapter.  However, 
assuming  no  such  departures  exist,  i-  e.  ,  the  system  under  study  is 
adequately  describablc  in  Boltxmannian  terms,  then  the  use  of  rate 
constants  which  have  themselves  been  determined  under  equilibrated 
conditions  unite  valid. 

If  for  example,  one  is  dealing  with  a  reversible  reaction:  A  +  B  - 
C  +  P,  for  which  the  rate  constants  in  the  forward  and  reverse  direc¬ 
tions,  respective  ly ,  arc  designated  as  k  and  k ' ,  then  tne  equilibrium 
oust  ant  K  (which  is  discussed  i:i  Chapter  10  of  this  Handbook;  is 
equal  to  the  ratio  k/k\  always  provided  that  k  and  k*  describe  the 
two  react  ions  for  the  case  where  the  exact  same  states  of  A,  B,  C, 
a  n<i  1)  are  imr.ivi"!,  Quite  striitlv,  then,  each  state  of  each  species 
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should  be  considered  as  a  separate  species,  in  order  for  the  generali¬ 
zation  K=k/k'  to  apply  in  the  non- Boltzmann  case. 

In  the  tabulations  comprising  Chapter  24  of  this  Handbook,  the 
parameters  a,  b,  and  c  which  enter  into  the  formulation  of  each 
rate  constant  are  listed  in  such  a  manner  as  to  facilitate  dimensional 
treatment  of  the  rate  calculations.  This  is  done  by  normalizing  the 
temperature  with  respect  to  300  K  taken  as  a  reference  value: 

k  -  a{T/300)k  exp(-c/T)  ,  (0-1) 

where  c  has  the  dimensions  of  a  temperature,  b  is  dimensionless, 
and  a  has  the  same  units  as  k,  i.  e.  ,  see'*  for  a  unimolecular  re¬ 
action,  cm^sec'*  for  a  two-body  interaction,  and  ern^sec'*  for 
three  bodies.  The  quantity  c  is  in  reality  the  activation  energy  of 
the  reaction,  divided  by  the  Boltzmann  constant.  Therefore  for 
most,  but  not  all,  exothermic  reactions  it  turns  out  to  be  zero. 
Likewise,  the  quantity  b  is  very  often  zero  for  exothermic  reac¬ 
tions. 


The  second  form  in  which  the  rate  chemistry  pertaining  to  indi¬ 
vidual  reactions  is  presented  is  as  O  ,  the  cross  -  section  for  reac¬ 
tion  as  a  function  of  the  energy  of  collision.  This  kind  of  datum  is 
very  specific  for  the  particular  interacting  states  involved,  and  is 
therefore  convertible  to  the  more  familiar  rate  constant  formula¬ 
tion  only  with  utmost  care  and  discretion.  As  a  general  rule,  the 
two  forms  are  related  to  one  another  through  v,  the  relative  veloc¬ 
ity  of  collision: 


kfcm^sec'*)  =  CT(cm^)  v(cm  sec  *) 


(6-2) 


it  is  readily  seen  inat  Lnis  tcidniuit&iiip,  thus  the  entire  vuliditv 

of  cross  -  section  data,  pertains  only  to  two-body  interactions. 

Since  this  very  simple  expression  is  correct  only  for  systems 
involving  the  very  same  reacting  states,  or  distributions  of  states, 
as  that  for  which  the  original  cross-sections  were  obtained,  the 
uses  of  such  information  would  appear  to  be  rather  severely  limited. 
The  si1  lation  seems  even  more  restrictive  when  one  recalls  that  a 
variety  of  techniques  arc  utilized  in  the  laboratory  in  ordei  to  de¬ 
termine  the  basic  cross-sections.  As  a  result,  numerous  variations 
exist  on  Equation  (6-2),  These  have  beer,  compiled  in  some- 
detail  elsewhere  (Reference  6-21).  A  few  of  the  more  common  of 
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these  variations  are  presented  in  the  remaining  paragraphs  of  this 
Chapter. 

In  the  most  ordinary  instance,  it  is  desired  to  derive  a  rate  con¬ 
stant  kp>  for  a  system  having  a  Maxwellian  velocity  distribution,  from 
monoenergetic  cross- sections  Ctj-.  This  requires  integration  over 
the  full  range  of  collisional  velocities: 

00 

kT  =  /  VfT EfvdV'  (6‘3) 

o 


where  fv  is  the  fraction  of  collisions  with  relative  velocities  between 
v  and  v+  dv.  From  this  can  be  obtained: 


k  =  2.52m 


-1/2  -3/2 


go 

/° 


E 


Ee 


■E/ftT 


dE 


(6-4) 


which  is  then  solved  by  graphical  integration,  and  where  m  is  the 
reduced  mass  of  the  collision,  and  -ft  is  the  Boltzmann  constant. 


It  is  often  possible,  over  limited  energy  ranges,  to  express  the 
cross-section  as  a  simple  function  of  this  energy.  This  facilitates 
the  conversion  of  such  data  to  a  rate  constant  which  is  valid  within 
the  corresponding  temperature  range.  In  such  cases,  assuming  the 
avai1  iblu  data  happen  to  fall  into  the  most  important  or  interesting 
energy  range,  as  is  often  the  case,  then  the  need  for  graphical  in¬ 
tegration  is  avoided.  For  example,  the  cross-section  may  be  a 
linear  function  of  the  interaction  energy.  If  the  corresponding  rate 
constant  is  intended  for  application  to  a  Boltzmann  system,  then  the 
energy  range  for  which  cross-sections  are  available  may  well  be  the 
only  part  of  the  total  energy  spectrum  which  is  of  any  importance. 


<r  =  C(E  -  Et)  , 


(6-5) 


‘•here  Et  is  the  energy  threshold  for  reaction,  E  is  the  collision 
eneigy,  and  C  is  the  linear  slope.  Inserting  this  relationship  into 
the  previous  equations,  a  general  expression  is  obtained  for  the 
case  in  which  one  particle  provides  all  the  interaction  energy.  Sub¬ 
stitution  and  integration  in  this  manner  thus  gives: 


k. 


1. 87  x  10" 8  Cm 


.-1/4  ,rl/2 


(Et 


+  1.  72  3  x  10 


-4 


■Et/ftT 


(6-6) 
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At  low  or  moderate  temperatures,  this  is  reduced  to 


k  =  1.87xlO'8C(i'1/2E  e'Et/n 


(6-7) 


For  electron  collisions: 


kT  =  6.  20  x  105  CT1/2  ^Et  +  1.  723  x  1  0"1  e"Et/*T  ;  (6_8) 


and  for  heavy  particle  collision  processes: 


kT  =  1. 45  x  104  CM' 1/2 


T1/2  (Et+  1.  723  x  1  O'4  tJ  e‘Et 


-Et/ftT 


(6-9) 


where  M  denotes  the  reduced  molecular  weight. 


As  mentioned  above,  other  expressions  for  ffg  as  a  function  of 
energy  are  available,  and  additional  details  on  this  entire  area  may 
be  obtained  in  comprehensive  form  elsewhere  {Reference  6-21). 
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7.1  INTRODUCTION 

Laboratory  methods  which  have  been  utilized  for  the  acquisition 
of  collision  data  pertinent  to  atmospheric  deionization  span  the  whole 
range  of  techniques  available  to  the  experimental  atomic  physicist. 
For  the  quiescent  atmosphere,  the  interaction  energy  of  the  atmo¬ 
spheric  species  is  in  the  thermal- energy  range  from  about  200  to 
2000  kelvins.  For  a  perturbed  atmosphere,  however,  much  higher 
interaction  energies  are  encountered,  and  the  range  from  thermal 
levels  to  several  electron  volts  is  appropriate.  Indeed,  in  examin¬ 
ing  the  effects  of  weapons  debris,  interaction  energies  up  to  several 
million  electron  volts  must  be  included. 

One  of  the  most  widely  exploited  laboratory  systems  has  been  the 
gas-discharge  afterglow,  from  which  data  have  been  obtained  at  ther¬ 
mal-energy  Levels  on  a  great  variety  ol  two-  and  three-body  collision 
processes.  Rate  coefficients  for  ion-neutral  reactions  continue  to 
be  lerived  from  measurements  of  secondary  ions  in  mass- spectre 
meter  ion  sources.  This  technique  is  useful  in  studying  the  inter¬ 
action  energy  r egion  just  above  thermal  values,  i.  e.  ,  from  a  fraction 
of  an  eV  to  several  eV,  but  the  original  method  has  now  been  sup¬ 
planted  by  several  variations  and  by  beam  methods.  Above  about 
0.  1  eV,  ion- neutral  reactions  are  most  conveniently  studied  with 
the  aid  of  a  beam  of  the  charged  species  passed  into  a  chamber  con¬ 
taining  the  neutral  target  gas.  In  the  case  of  chemically  unstable 


The  authors  are  pleased  to  acknowledge  that  Or,  B.  R.  Turner 
originally  prepared  (for  the  First  Edition  of  the  Reaction  Rate 
Handbook)  certain  material  included  in  this  Chapter. 
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neutral  targets,  the  technique  of  crossed  beams  may  be  employed. 
Beam  techniques  have  also  been  apolied  to  a  number  of  other  prob¬ 
lems  of  atmospheric  interest.  Ionization  and  excitation  by  electron 
impact  and  by  photon  impact,  as  well  as  photodelachment  reactions, 
may  be  readily  investigated  using  either  the  collision-chamber  or 
cros sed-beam  method.  Development  of  the  merged-beam  technique 
has  provided  a  method  for  the  study  of  ion-ion,  ion-electron,  and 
ion-neutral  reactions  over  the  entire  energy  range  from  several 
hundredths  of  an  electron  volt  to  kiloelectron  volts.  Finally,  suc¬ 
cess  has  been  achieved  in  deriving  certain  rate  coefficients  from 
the  study  of  gases  contained  in  a  large  chamber  and  irradiated  with 
electrons  from  a  van  de  Graaff  accelerator. 

7.2  AFTERGLOW  STUDIFS 

Afterglow  studies  have  provided  much  of  the  available  data  for 
many  types  of  thermal-energy  collisions.  Among  the  collision  pro¬ 
cesses  which  have  been  investigated  are  electron-ion  (References 
7-1  7-2,  7-3),  ion-neutral  (References  7-4,  7-5),  ion-ion  (Refer¬ 

ence  7-5),  neutral-neutral  (References  7-6,  7-7),  and  three-body 
collisions  (Reference  7-6).  Most  of  these  measurements  were  made 
at  or  near  300K,  except  for  electron-ion  dissociative  recombination, 
which  has  been  investigated  for  electron  temperatures  from  80  to 
5000  K. 

7.2.1  Electron-ion  Dissociative 
Recombination 

Electron-ion  dissociative  recombination  has  been  studied  exten¬ 
sively  by  observation  of  the  free  -  electron  density  as  a  function  of 
time  in  the  stationary  afterglows  of  gas  discharges.  In  a  micro- 
wave  observation  technique  developed  by  Biondi  et  ai.  (References 
7-1,  7-2,  7-3),  a  pulsed  discharge  is  produced  within  a  microwave 
cavity.  The  resonant  frequency,  a  function  of  the  free  electron 
density  in  the  cavity,  is  measured  as  afunction  of  time  after  cessa¬ 
tion  of  the  discharge.  The  identity  of  the  positive  ions  is  deter¬ 
mined  simultaneously  with  a  mass  spectrometer. 

An  apparatus  of  Mehr  and  Biondi  (Reference  7-3)  is  shown  in 
Figure  7-1.  This  experiment  uses  two  cavity  excitation  modes  in 
order  to  produce  the  plasma  and  heat  the  electrons  separately.  The 
plasma  is  produced  by  a  2-msec  pulse  from  a  magnetron.  Following 
the  discharge  pulse  a  very  low-power  probing  signal  of  variable 
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Figure  7-1 .  Simplified  diagram  of  microwave  afterglow  mass  spectrometer 
apparatus  used  by  Mehr  and  Biondi  in  ion-electron  recombin¬ 
ation  studies  (Reference  7-3). 


frequency  is  incident  on  the  cavity.  The  frequency  shifts  are  deter¬ 
mined  from  measurements  of  the  times  of  maximum  reflections  of 
the  probing  signals.  The  frequency  measurement  range  of  the  micro- 
wave  system  gives  reliable  numbers  for  electron  densities  between 
1  x  I07  and  2  x  10*^  cm'^, 

To  measure  electron-temperature  dependences  of  rate  coef¬ 
ficients,  the  electrons  are  heated  by  exciting  the  cavity  continuously 
in  a  mode  different  from  the  excitation  producing  the  discharge. 

The  cavity  is  loaded  for  this  mode  (to  lower  "he  Q),  so  that  the  small 
.  esonant-frequency  shift  during  the  afterglow  electron  decay  causes 
a  negligible  effect  upon  the  microwave  heating  field.  Thus  the  elec¬ 
tron  temperature  remains  constant  throughout  the  afterglow. 

The  relative  ion  densities  during  the  afterglow  are  monitored  with 
a  quadrupole  mass  spectrometer  coupled  with  an  electron  j.  Itiplier 
to  detect  ions  effusing  through  a  small  hole  in  a  wall  of  the  cavity. 
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7.2.2  Ion-Neutral  interactions 

Ion-neutral  interactions  have  been  studied  extensively  with  sta¬ 
tionary  afterglows.  In  these  experiments  one  observes  the  time 
variation  of  charged-particle  densities  following  an  ionizing  pulse. 
Reaction  rates  can  be  determined  either  from  afterglow  data  or 
from  data  taken  during  continuous  ionization  when  the  plasma  is  in 
equilibrium  between  production  and  loss  processes.  Although  the 
ufterglew  measurements  lead  to  more  accurate  rate  constants,  the 
two  techniques  involve  different  analyses.  Thus,  the  equilibrium 
plasma  measurements  provide  a  check  on  the  validity  of  the  after¬ 
glow  data  analysis,  A  detailed  discussion  of  methods  of  analysis 
is  found  in  Reference  7-4.  A  general  discussion  of  afterglows  is 
found  in  Reference  7-2. 

An  apparatus  used  for  afterglow  experiments  at  Ballistic  Re¬ 
search  Laboratories  {Reference  7-4)  is  shown  in  Figure  7-2.  Ioni¬ 
zation  is  produced  by  photons  from  a  microwave  discharge  lamp. 
Photoionization  at  selected  wavelengths  is  used  to  provide  a  mini¬ 
mum  of  unwanted  initial  species.  The  collision  processes  occur¬ 
ring  in  the  afterglow  ate  studied  with  time-resolved  mass  spectro¬ 
metry. 

Some  other  ion- neutral  measurements  using  stationary  afterglows 
have  been  performed  at  the  University  of  Birmingham  (Reference 
7-5)  and  at  General  Atomic  (Reference  7-8). 

Thermal- energy  ion-neutral  interactions  have  also  been  studied 
extensively  with  flowing-afterglow  techniques,  A  diagram  of  the 
apparatus  used  at  the  National  Oceanic  and  Atmospheric  Adminis¬ 
tration  Research  Laboratories  (Reference  7-91  is  shown  in  Figure 
t'-i.  Unlike  the  stationary-afterglow  experiments,  ions  are  pro¬ 
duced  in  this  technique  in  a  rapidly  flawing  (rNO**  cm  sec-*)  carrier 
gas,  commonly  helium,  and  other  reacting  gases  are  introduced 
downstream  from  the  region  of  primary  ionization.  The  desired 
ionic  reactant  may  be  produced  directly  by  electron  impact  or  by 
charge  transfer  or  Penning  ionization  in  a  gas  introduced  down¬ 
stream.  Still  further  downstream  the  desired  neutral  reactant  is 
introduced.  A  quadrupole  mass  spectrometer  is  used  to  sample  the 
ions  in  the  flowing  gas  mixture  through  a  small  effusion  orifice. 
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gure  7-2.  Schematic  diagram  af stationary  afterglow  apparatus  used  by 
Lineberger  and  Puckett  (Reference  7-4). 
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Figure  7-3.  Simplified  schematic  diagram  af  the  flowing -afterglow  apparatus 
af  Ferguson,  Fehsenfeld,  and  Schmeltekopf  (Reference  7-9). 


The  parameters  measured  in  the  flowing -afterglow  experiments 
are  the  currents  of  individual  interacting  ions,  as  functions  ox  the 
variable  number  densities  of  neutral  reactants.  The  reaction  time 
is  the  flow  time  between  the  point  of  introduction  of  the  neutral  re¬ 
actant  and  the  gas- sampling  orifice.  A  plot  of  the  logarithm  of  the 
reacting  ion  current  against  the  number  density  of  neutral  reactants 
yields  ideally  a  straight  line  whose  slope  is  the  product  of  the  reac¬ 
tion  rate  coefficient  and  the  reaction  time. 

An  important  advantage  of  the  flowing -afterglow  technique  is  that 
ihe  neutral  reactants  may  be  unstable  species,  e.  g* ,  oxygen  or  ni¬ 
trogen  atoms.  In  addition,  the  reacting  ion  is  relatively  well  de¬ 
fined,  at  least  in  comparison  with  stationary-afterglow  methods. 

Other  ion-neutral  studies  using  flowing  afterglows  have  been  per¬ 
formed  at  the  University  of  Pittsburgh  (Reference  7-10)  and  at  the 
University  of  York  (Reference  7-11).  A  general  discussion  of  flow¬ 
ing-afterglow  measurements  is  found  in  Reference  7-9. 

7.2  3  Neutral -Neutrai  Reactions 

Closely  related  to  the  flowing-afterglow  technique  for  ion-neutral 
reactions  are  the  steady-state  flow  methods  used  to  study  neutral- 
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neutral  reactions  involving  such  reactive  opecies  as  H  ,  O  ,  N  ,  and 
OH  (References  7-6,  7-7).  The  reactive  species  are  commonly  pro¬ 
duced  either  thermally  or  by  electric  discharge  before  mixing  with 
the  other  reactant  in  a  flow  system.  By  varying  either  the  point  of 
introduction  or  *he  flow  rate,  the  course  of  the  reaction  can  be  moni¬ 
tored  as  a  function  of  time.  The  available  detection  systems  are 
numerous  and  include  chemiluminescent  light  emission,  mass  spec¬ 
trometry,  optical-absorption  spectrometry,  electron-spin-resonance 
(ESR)  spectrometry,  and  hot-wire  calorimetry.  A  detailed  discus¬ 
sion,  together  with  a  description  of  several  limitations  of  these 
techniques,  is  given  in  Chapter  19  of  this  Handbook. 

7.3  MASS-SPECTROMETER  ION-SOURCE 
MEASUREMENTS 

Considerable  information  concerning  low-energy  ion- neutral 
reactions  has  been  derived  from  measurements  using  mass-spec¬ 
trometer  ion  sources.  Reference  7  12  provides  a  summary  of  early 
work  in  this  area.  In  this  technique,  primary  ions  are  formed  by 
electron  (or  photon)  impact  upon  a  gas.  A  weak  variable  electric 
repeller  field  accelerates  these  ions  toward  the  exit  slit  of  the  ion 
source  and  into  a  strong-field  low-pressure  region  where  the  ions 
receive  their  final  acceleration  before  mass  anal/sis.  If  the  num¬ 
ber  density  of  neutral  molecules  in  the  ion  source  is  sufficiently 
large,  primary  ions,  in  moving  toward  the  exit  slit,  may  suffer 
collisions  with  the  neutrals  and  undergo  ion-molecule  or  charge- 
transfer  reactions.  The  ionic  products  of  these  reactive  collisions 
are  also  subject  to  the  electric  repeller  field  and,  unless  lost  by 
subsequent  collisions,  move  out  of  the  source  and  are  mass- 
analyzed  and  detected. 

Several  difficulties  may  arise  in  the  study  of  ion-neutral  reac¬ 
tions  by  the  ion-source  technique.  The  identity  of  reactant  ions  is 
often  difficult  to  determine  with  certainty.  The  kinetic  energy  band¬ 
width  of  reactant  ions  is  large  and  uncertain,  and  increases  with 
increasing  repeller  potential.  Ion-residence  times  can  be  calculated 
with  only  fair  accuracy;  in  the  case  of  reactant  ions  produced  by 
dissociative  ionization,  the  necessary  information  on  initial  kinetic 
energies  and  angular  distributions  is  rarely  available.  The  pulsed- 
ion-source  technique  was  developed  (References  7-13,  7-14)  in  or¬ 
der  to  avoid  some  of  these  difficulties. 
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in  the  pulsed- source  technique,  the  ionizing  electron  beam  is 
switched  on  for  about  one  microsecond:  after  a  (variable)  time  de¬ 
lay  of  from  zero  to  ten  microseconds  the  repeller  is  switched  on 
for  about  two  microseconds  in  order  to  drive  ions  out  of  the  source. 
This  pulsing  program  is  repeated  with  a  frequency  of  about  10  kHz. 
Assuming  suitable  precautions  have  been  taken  to  eliminate  contact 
potentials  and  field  penetration  from  the  ion-accelerating  potential, 
the  ions  are  in  a  field-free  region  during  the  delay  time  between  the 
ionizing  pulse  and  the  repeller  pulse.  Reactant  ions  have  only  their 
initial  kinetic  energy  during  this  time.  Rate  constants  for  these 
conditions,  which  may  be  thermal,  can  be  obtained  by  varying  either 
the  delay  time  or  the  number  density  of  reactant  neutrals  in  the 
source.  Elegant  variations  of  this  technique  have  been  developed 
in  order  to  provide  reactant  ions  with  well-defined  kinetic  energies 
in  the  range  from  thermal  levels  up  to  a  few  electron  volts  (Refer¬ 
ences  7-15,  7-  16). 

An  important  further  modification  of  the  gene-,  d  ion- source  tech¬ 
nique  involves  photoionization  using  monochromatic  radiation,  in 
order  to  produce  reactant  ions  (Reference  7- 1 7).  The  advantages  in¬ 
clude  the  possible  production  of  ions  in  well-defined  electronic  and 
vibrational  states  and  in  a  reaction  chamber  free  of  stray  fields 
emanating  from  an  electron  gun  and  electro-’,  beam.  The  photo- 
ionizationtechnique  has  also  heenused  successfully  at  relatively  high 
source  pressures  (0.  01  to  0.  2  torr)  and  with  a  pulsed  light  source 
and  DC  repeller  (References  7-18,  7-19).  In  this  case,  ion  resi¬ 
dence  times  in  the  source  were  obtained  directly  from  the  arrival 
times  at.  the  detector.  At  high  source  pressures,  these  residence 
times  are  related  to  the  ion  diffusion  coefficients  and  mobilities  and 
thus  finally  to  the  ion  temperatures.  The  method  is  seen  to  be  closely 
akin  to  the  drift-tube  technique  (see  Section  7.  5).  Rate  constants 
measured  by  the  pulsed-source  photoionization  method  for  seveial 
ion-neutral  reactions  at  thermal  energies  are  in  good  agreement 
with  results  from  the  afterglow  techniques  (cf.  Subsection  7.2.2). 


7.4  ION  CYCLOTRON  RESONANCE 

In  an  ion  cyclotron  resonance  (ICR)  spectrometer,  ions  are  formed, 
usually  by  electron  impact,  in  a  region  of  uniform  static  mag.- 
netic  field,  H  .  The  subsequent  path  of  these  ions  is  constrained  to 
circular  orbits  in  a  plane  normal  to  thi  magnetic  field  but  is  unre¬ 
stricted  m  the  direction  parallel  to  the  field.  The  angular  or  cyclo¬ 
tron  frequency  of  the  orbital  motion,  Ci/'c  .  is  given  by: 

Cu'c  =  eli/mc 


7  -8 


(7-  1) 


CHAPTER  7 


In  Equation  (7-1),  m/e  is  the  mass-tc-charge  ratio  of  the  ion  and  c 
is  the  velocity  of  light.  If  an  alternating  electric  field  of  frequency 
ui  's  applied  normal  to  the  direction  of  H  ,  the  ions  absorb  energy 
from  the  electric  field  when  GO  =  Wc  and  are  accelerated  to  larger 
velocities  and  orbital  radii.  If  the  energy  absorption  is  detected, 
e.g.  ,  by  the  use  of  a  marginal  oscillator  as  the  source  of  the  field, 
a  mass  spectrum  can  be  generated  by  fixing  GO  and  varying  H  , 
Finally,  if  the  pressure  is  high  enough  so  that  an  ion-neutral  reac¬ 
tion  occurs,  the  dependence  of  the  reaction  rate  upon  ion  velocity 
can  be  studied  by  irradiating  the  reactant  ion  at  its  cyclotron  fre¬ 
quency  while  observing  changes  in  cyclotron  resonance  intensity  and 
line  shape  of  the  pi  oduct  ion.  In  addition  to  this  double-resonance 
experiment  (Reference  7-20},  numerous  other  variations  of  the 
basic  technique  {Reference  7-21}  have  been  developed.  These  include 
pulsed  ionizing  hearns,  pulsed  magnetic  fields,  cells  in  which  ions 
can  be  trapped  for  long  times,  e.g.  ,  seconds,  and  ion  ejection  tech¬ 
niques  for  studying  complex  reaction  schemes.  A  review  of  these, 
developments  is  available  (Reference  7-22}. 

The  ICR  technique  has  been  most  widely  used  in  studying  reac¬ 
tion  mechanisms  and  in  establishing  chemical  and  thermodynamic 
relationships,  e.g.,  ga3-phase  acidities  and  basicities.  More  re¬ 
cently,  photodetachment  spectra  of  NH^  and  PHg  trapped  in  the 
ICR  cell  have  been  obtained  (Reference  7-23}.  With  the  development 
of  pulse  methods,  some  success  has  been  achieved  in  measuring 
rate  constants  for  ion-molecule  reactions  at  near-thermal  energies. 
However,  only  very  recently  have  the  essential  direct  measurements 
been  made  of  ion  residence  times  and  reactant-ion  kinetic-energy 
distributions  (Reference  7-24}. 

7.5  DRIFT -TUBE  MEASUREMENTS 

When  a  charged  particle  moves  through  a  gas  under  the  influence 
of  a  uniform  electric  field,  it  gains  energy  from  the  field  during  the 
time  between  collisions  and  loses  energy  upon  collision  subsequently. 
The  mean  energy  acquired  from  the  field  is  determined  by  the  para¬ 
meter  E/p  ,  i.  e.  ,  the  ratio  of  the  field  intensity  to  the  gas  pres¬ 
sure.  When  E/p  is  small  and  constant,  the  charged-particle 
motion  consists  of  a  slow  uniform  drift  superimposed  on  the  much 
faster  random  motion.  This  particular  experimental  environment 
has  proved  suitable  for  the  study  of  a  variety  of  thermal- energy 
collision  processes  involving  either  electrons  or  ions. 
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In  the  apparatus  developed  by  McDaniel  et  a.1.  {Reference  7-25), 
ions  are  produced  by  a  magnetically  confined  beam  of  electrons  in¬ 
side  a.  drift  tube  50  centimeters  long  containing  gas  at  a  pressure 
up  to  ten  torr.  The  ions  drift  down  the  tube  under  the  influence  of 
an  axial  electric  field,  whose  strength  determines  the  average  ion 
energy.  The  drift  distance  is  variable  from  one  to  44  centimeters 
by  varying  the  position  of  the  ion  source.  A  sample  of  the  ionpopu- 
lation  at  the  end  of  the  drift  tube  is  extracted  into  a  quadrupole 
mass  spectrometer.  Information  concerning  the  nature  and  proba¬ 
bility  of  the  reactions  occurring  is  revealed  by  the  nature  of  the 
resulting  ionic  mass  spectrum. 

The  drift  tube  apparatus  of  Heimerl,  Johnson,  and  Biondi  {Refer¬ 
ence  7-26/  employs  a  pulsed-discharge  ion  source,  drift  region, 
and  mass-analyzing  region  interconnected  only  by  small  orifices 
through  which  ions  enter  and  leave  the  drift  tube.  Thus  contamina¬ 
tion  of  the  gas  used  in  the  ion  source  with  the  gas  admitted  to  the 
drift  region  is  minimized.  An  important  innovation  in  this  appara¬ 
tus  provides  an  additional  residence  time  for  the  ion  bunch  in  the 
d..  iit  tube  by  momentary  reversal  of  the  drift  field.  The  inter¬ 
action  energy  range  {0.  03  to  about  1  eV)  can  be  covered,  and  several 
ion- neutral  reactions  of  atmospheric  species  have  been  studied 
using  this  system  {Referinces  7-27,  7-28). 


Mass  analysis  of  the  reactant  ions  before  injection  into  the  drift 
tube  is  provided  in  the  apparatus  of  Hasted  et  al  {References  7-29, 
7-30,  7-31).  The  system  uses  a  magnetic- sector  mass  analyzer 
for  this  purpose,  with  the  result  that  ions  entering  the  drift  region 
have  initially  rather  high  energies,  e.g.,  100-400  eV,  Successful 
operation  requires  that  these  ions  be  rapidly  thermalized  by  col¬ 
lisions  with  the  buffer  gas,  usually  helium,  before  collisions  occur 
with  the  reactant  gas.  Various  tests  of  the  apparatus  indicate  that 
this  thermalization  does  indeed  occur.  Analysis  of  the  ions  leaving 
the  drift  tube  is  carried  out  using  a  quadrupole  mass  filter  (Refer¬ 
ence  7-30)  or  a  magnetic- sector  mass  spectrometer  {Reference 
7-31). 


Electron  attachment  and  detachment  have  also  been  studied  in  a 
drift  tube.  In  the  work  of  Pack  and  Phelps  {Reference  7-32)  elec¬ 
trons  are  ejected  from  a  photocathode  by  a  short  pulse  of  ultraviolet 
radiation.  The  elec'rons  then  drift  through  a  gas-filled  tube  under 
the  influence  of  a  uniform  electric  field,  and  some  of  them  are.  cap¬ 
tured  by  the  neutral  molecules  to  form  negative  ions,  which  continue 
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down  the  tube  with  their  own  drift  velocity.  Before  arrival  at  a 
collector  electrode  the  particles  must  pass  through  a  grid  consist¬ 
ing  of  a  series  of  fine  parallel  wires  with  alternate  wires  connected 
together.  This  grid  is  made  absorbing  by  applying  equal  and  oppo¬ 
site  bias  voltages  to  the  alternate  wire  sets.  The  grid  m  then  made 
to  permit  passage  of  the  charged  particles  through  to  the  collector 
during  a  particular  time  interval  by  applying  rectangular  voltage 
pulses  to  the  wire  sets;  this  momentarily  reduces  the  fields  between 
the  wires  to  zero.  By  delaying  the  application  oi  the  latter,  or  grid¬ 
opening,  pulse  relative  to  the  cathodic  photoelect  'on  pulse  by  vari¬ 
ous  time  intervals,  it  is  possible  to  determine  the-  current  reaching 
the  grid  as  a  function  of  time,  From  these  measu  -eu.  'nts  attach¬ 
ment  coefficients  and,  with  a  slight  variation,  detachment  coef¬ 
ficients  can  then  be  determined. 

7.6  BEAM  TECHNIQUES 

The  use  of  beams  is  an  especially  versatile  technique  for  the  study 
of  two-body  reactions.  Two  beams  may  he  crossed,  or  one  beam 
may  be  passed  through  a  stationary  target  gas.  Neutral- neutral, 
r.eutral-charged,  and  charged- charged  reactions  have  been  investi¬ 
gated  in  this  way,  A  general  review  of  many  aspects  of  thi.s  field 
is  given  in  Reference  7-33. 


7,6.1  Neutral -Neutral  Interactions 

In  this  type  of  experiment  either  one  neutral  beam  is  passed 
through  a  stationary  neutral  gas  or  two  neutral  beams  are  crossed, 
usually  at  right  angles.  Neutral  beams  can  be  formed  in  a  number 
of  ways.  Thermal- energy  beams  are  generally  formed  by  effusion 
from  a  relatively  low-pressure  source.  Somewhat  higher  energies 
can  be  obtained  by  nozzle-beam  techniques,  while  seeded  nozzle 
beams  lead  to  even  higher-energy  neutral  beams.  Nozzle-beam 
techniques  are  discussed  by  Anderson,  Andres,  and  Fenn  in  Chapter 
8  of  Reference  7-33.  Intermediate  energies  have  heen  obtained  using 
sputtering  techniques,  while  high-energy  neutral  beams  are  usually 
formed  by  charge  transfer  involving  ion  beams  of  the  correct 
energy.  The  latter  mechanism  is  the  most  widely  applicable,  but  it 
suffers  from  the  disadvantage  that  the  resulting  neutral  beam  is 
generally  in  an  unknown  mixture  of  states.  With  increasing  experience, 
perhaps  more  knowledge  and  control  can  be  achieved  with  respect  to 
the  states  of  the  resulting  neutral-beam  species. 
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The  major  prohlem  associated  with  neutral-neutral  interactions 
is  detection  of  the  reaction  products.  If  fast  neutral  beams  are  being 
studi  id,  then  the  product  may  be  detected  by  secondary  electron 
emission  from  metal  surfaces.  For  thermal  beams  other  techniques 
may  be  employed,  e.g.,  surface  ionization  and  the  use  of  universal 
ionizert  . 

The  neutral- neutral  interactions  studied  can  be  divided  into  three 
general  types.  First  are  the  studies  of  elastic  scattering  of  thermal- 
energy  beams  and  of  fast  beams  produced  through  electron  capture 
by  fast  charged  beams.  Much  of  the  higher  -  energy  work  has  been 
concerned  with  the  scattering  of  rare-gas  atoms  (Reference  7-34). 

The  thermal- energy  experiments  on  the  other  hand  have  generally 
involved  the  alkali  metals  and  alkali  halides  because  of  their  ease  of 
detection  by  surface- ionization  methods  (Reference  7-35).  However, 
some,  work  has  been  done  using  universal  ionizers  to  detect  the  col¬ 
lision  products  (References  7-36,  7-37).  Secondly,  reactive  scat¬ 
tering  in  neutral-neutral  collisions  has  also  been  studied  at  thermal 
energies,  again  with  considerable  emphasis  on  the  alkali  metals 
and  alkali  halides  IRoference  7-38)  but  with  some  work  reported 
using  universal  analyzers  (Reference  7-39).  The  third  type  of  mea¬ 
surement  involves  the  production  of  an  ion  pair  from  relatively  low- 
energy  neutral- neutral  collisions  (References  7-40,  7-41). 

Since  the  systems  studied  in  the  above  experiments  do  not,  in 
general,  involve  atmospheric  species,  experimental  details  are  not  con¬ 
sidered  further,  within  the  present  context.  The  study  of  thermal- 
energy  collisions  involving  species  of  atmospheric  interest  appears 
to  he  most  satisfactorily  carried  cut  using  other  techniques,  e.g., 
ciii*  flowing -afterglow  system  (cf.  Subsection  7.2.  3),  although  beam 
experiments  may  become  more  attractive  when  more  efficient 
neutral- species  detectors  are  developed. 

7.6.2  Charged -Neulrol  Reactions 

A  great  deal  of  information  on  collisions  hetween  ions  and  neutrals 
has  been  derived  from  measurements  involving  tr  ass  -  selected 
ion  beams  and  neutral  targets  either  m  a  gas-filled  collision  cham¬ 
ber  or  in  a  neutral  beam.  Measurements  of  this  general  type  have 
been  carried  out  at  energies  down  to  about  0.  3  eV,  and  the  energy 
region  therefore  complements  those  of  afterglows  and  ion  sources. 

A  wide  variety  of  experimental  configurations  have  been  employed, 
of  which  only  a  few  are  mentioned  here. 
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One  difficulty  which  is  present  in  all  experiments  of  this  nature 
is  that  of  the  collection  efficiency  of  the  products  of  reaction.  When 
charge-transfer  collisions  are  studied,  one  can  take  advantage  of  the 
fact  that  very  little  momentum  is  exchanged  between  the  interacting 
species.  Thus  a  fast  ion  and  a  thermal -energy  neutral  become,  con¬ 
verted  into  a  fast  neutral  and  a  near-thermal-energy  ion.  When  ion- 
molecule  reactions  come  under  study  the  collection  problem  is  more 
difficult  due  to  momentum  transfer  in  the  collision.  The  products 
may  both  have  substantial  energies  and  an  angular  divergence  which 
may  be  quite  different  from  that  of  the  reactants.  Rapid  accelera¬ 
tion  of  these  products  after  they  drift  out  of  the  collision  region, 
coupled  with  the  use  of  strong  focusing  lenses,  have  been  used  to 
minimize  the  collection  problem. 

One  of  the  most  versatile  techniques  employs  mass  spectrometry 
to  identify  both  the  primary  and  the  secondary  ions.  An  apparatus 
of  this  typo,  used  by  Giese  and  Maier  (References  7-42,  7-43,  7-44), 
is  illustrated  in  Figure  7-4.  As  shown  in  the  diagram,  ions  produced 
in  either  an  electron-impact  ion  source  or  a  surface-ionization 
source  are  mass-analyzed  and  enter  a  reaction  chamber.  Ions 
is  suing  from  the  collision  region  areacceleratedin  the  uniform -field 
region  to  about  5  kV  and  the  resulting  beam  is  focused  by  the  quad- 
rupole  lens  (Reference  7-45)  onto  the  object  slit  of  the  secondary 
mass  spectrometer.  A  differential  voltage  may  be  applied  across 
elements  of  the  quadrupole  lens  to  shift  the  focus  in  the  plane  of  the 
object  slit.  Thus  two  mass  spectrometers  are  used  in  tandem.  Ions 
are  detected  on  the  first  dynode  of  a  16- stage  particle  multiplier 
whose  gain  is  of  the  order  of  10^. 

The  double  mass-spectrometer  technique  has  als*o  been  used  with 
a  modulated  neutral  beam  by  Stebbings,  Turner,  ar.d  Rutherford 
(Reference  7-46).  This  instrument  is  illustrated  in  Figure  7-5. 
Primary  ions  are  extracted  from  an  electron  bombardment  source 
and  mass-analyzed  at  75  eV  in  a  180°  magnetic  mass  spectrometer. 
After  mass  analysis  che  ions  are  retarded  or  accelerated  to  the  de¬ 
sired  collision  energy.  The  ions  then  pass  through  a  field-free 
regionbefore  intersecting  the  neutral  beam.  Collimating  apertures 
ensure  that,  from  purely  geometric  considerations,  all  primary 
ions  pass  through  the  modulated  neutral  beam  (modulated  aL  10d  Hz 
by  mechanical  chopping).  The  primary  beam  intensity  is  measured 
in  the  interaction  region  by  a  movable  Faraday  cup  which  can  be 
swung  into  and  out  of  the  beam.  Secondary  ions  resulting  from  col¬ 
lisions  between  primary  ions  ar.d  neutrals  are  extracted  along  the 
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gure  7-5.  Schematic  diagram  af  the  apparatus  used  by  Stebbings 
Turner,  and  Rutherford  (Reference  7—46). 
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direction  of  the  primary  ion  beam  by  a  weak  electric  field.  The  ions 
then  enter  an  electric  field  where  their  energy  is  increased  to  1650 
eV.  After  acceleration  the  ions  pass  through  an  electrostatic  quad- 
rupole  lens  which  forms  the  entrance  slit  for  a  60° -sector  magnetic 
mass  spectrometer.  The  selected  ions  impinge  on  the  first  dynode 
of  a  14-stage  particle  multiplier.  The  output  from  the  multiplier 
passes  successively  through  a  preamplifier,  a  100-Hz  narrow-band 
amplifier,  and  a  phase- sensitive  detector,  and  is  then  integrated. 

The  neutral  beam  employed  in  the  instrument  originates  in  a  mo¬ 
lecular  effusion  source.  This  source  may  be  operated  at  room  tem¬ 
perature  when  chemically  stable  gases  are  being  studied,  or  at  an 
elevated  temperature  which  allows  low-vapor-pr essur e  or  chemically 
active  species  to  be  studied.  The  cosine  law  of  molecular  effusion 
is  employed  to  determine  the  neutral  beam  density.  Apart  from  the 
ability  to  study  labile  species,  an  additional  advantage  in  this  type 
of  instrument  is  that  rhe  interaction  volume  is  the  small  region  in 
which  the  beams  cross,  approximating  a  geometric  point  source  for 
the  secondary  ions.  As  such  the  crossed-beam  approach  is  attrac¬ 
tive  for  the  study  of  differential  as  well  as  total  cross-sections. 

A  double  mass-spectrometer  system  employing  a  quadrupole 
mass  filter  for  product-ion  analysis  has  been  adapted  for  use  in  a 
time-of-flight  (TOF)  mode  by  Paulson  et  al.  (Reference  7-47).  The 
particular  advantage  of  this  system  lies  in  its  ability  to  perform 
velocity  analyses  of  clow  ions  and  thereby  to  study  reaction  mecha¬ 
nisms  and  energy-  transfer  processes  in  additional  ion-neutral  col¬ 
lisions.  The  TOF  analysis  technique  thus  complements  the  retarding- 
potential  and  velocity-analyzer  methods. 

In  some  experiments  interest  centers  not  upuu  the  production  of 
secondary  charged  particles  but  on  the  angular  distr ibution  of  the 
scattered  primary  or  secondary  ions.  One  experiment  of  this  type 
which  illustrates  the  techniques  is  the  elastic  differential  scattering 
work  of  Lorents  and  Aberth  (Reference  7-48).  In  their  instrument, 
ions  are  extracted  from  a  source  having  a  low-energy  spread  and 
are  collimated  into  a  ribbon- shaped  beam  by  a  pair  of  slits.  Beam 
particles  are  scattered  in  a  gas  cell  located  in  the  main  scattering 
chamber.  The  scattered  beam,  defined  by  another  pair  of  silts 
which  rotate  ahout  the  axis  of  the  scattering  cell,  is  electrostatically 
energy-analyzed  and  detected  with  an  electron  multiplier.  The 
angular  range  of  the  system  is  1  -36°  and  the  primary -beam  energy 
range  20-600  eV.  Absolute  cross-sections  are  obtained  at  small 
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scattering  angles,  where  intensities  are  high,  by  using  a  Faraday 
cage  in  place  of  the  multiplier.  The  relative  data  are  normalized 
to  the  absolute  data,  yielding  cross -sections  accurate  to  about  ±25 
percent. 

Experiments  on  the  angular  distributions  of  charged  particles 
resulting  from  ion-molecule  reactions  have  been  reported  by  several 
groups  (References  7-49,  7-50).  In  the  work  of  Wolfgang  et  al 
(Reference  7-49),  for  example,  the  ion  energy  range  is  from  one  to 
100  eV  and  the  angular  range  from  -20  tc  +50°. 

Many  of  the  techniques  employe.d  in  ion- neutral  collision  systems 
-»  discussed  in  a  book  on  ion-molecule  reactions  (Reference  7-51). 


7.6.3  Charged-Charged  Reactions 

Crossed-beam  techniques  have  been  employed  tc  investigate  both 
ion-electron  and  ion-ion  reactions.  Most  ion-electron  experiments 
have  been  designed  to  study  the  ionization  of  positive  ions  by  elec¬ 
tron  impact  (References  7-52,  7-53).  Others  have  been  concerned 
with  the  excitation  of  ions  (Reference  7-54)  and  with  the  dissociation 
of  molecular  ions  (Reference  7-55)  by  electron  impact.  Experiments 
involving  the  collision  of  il+  with  H”  have  also  been  reported  (Refer¬ 
ence  ''-56), 

Other  experiments  of  this  type  inprogress  are  intended  primarily 
to  provide  data  of  asirophysical  interest,  and  are  probably  un¬ 
likely  to  play  any  significant  part  in  laboratory  studies  related  to 
atmospheric  deionization.  Ionisation  and  excitation  of  ions  are  not 
dominant  processes  in  the  ialter  area  of  concern  while  electron- 
ion  recombination  i3  most  readily  studied  by  other  means. 

The  principal  advantage  of  beam  experiments  lies  in  their  versa¬ 
tility.  Both  positive-  and  negative-ion  reactions  are  studied  with 
equal  ease  at  energies  abo’  e  about  0,  3  eV,  Methods  are  being  de¬ 
veloped  sc  that  the  states  of  both  the  charged  and  the  neutral  species 
may  be  determined  and  varied.  Furthermore,  the  experimental 
conditions  tend  to  be  well  defined,  thereby  imposing,  little  difficulty 
in  interpreting  the  results  of  a  given  experiment. 


7.6.4  Merging-Beams  Techniques 

The  merging- beams  technique  is  a  powerful  method  for  studying 
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two-hody  reactions  in  the  low-energy  region,  i.  e.  ,  from  several 
hundredths  of  an  electron  volt  to  10or20eV,  with  good  energy  resolu¬ 
tion.  The  technique  can  also  be  used  to  study  collisions  at 
energies  considerably  above  the  low  energy  region.  Review  articles  on 
the  subject  are  a  -ailable  (References  7-57,  7-58),  The  advantages 
of  this  method  include:  attainability  of  low  relative  energies  and 
high  energy  resolution;  easy  collectionof  products  for  total  reaction 
cross-section  measurements;  relative  ease  in  detecting  these 
products  owing  to  the  large  laboratory  energies  and  dir ected  veloci¬ 
ties  of  the  primary  beams;  and  applicability  to  use  with  labile 
species . 

In  a  merging- beams  apparatus  heaiy  species  are  generated  in 
ion  sources.  Neutral  beams  are  obtainable  by  passing  these  ions 
through  a  charge-transfer  cell.  The  technique  requires  that  two 
beams  be  superimposed  and  travel  in  the  same  direction.  Theiabora- 
tory  energy  of  each  beam  is  typically  several  thousand  electron 
volts,  with  an  energy  spread  of  a  few  electron  volts.  By  adjusting 
laboratory  energies  so  that  the  beam  velocities  are  slightly  different, 
the  relative  energy  of  the  beams  in  the  center-of-mass  system 
can  be  made  to  fall  in  the  low-energy  region.  For  beams  of  equal 
masses,  for  example,  the  relative  energy  is  considerably  less  than 
the  difference  in  laboratory  energies  of  the  beams.  Furthermore, 
the  spread  in  relative  energy  is  considerably  less  than  the  few  elec¬ 
tron  volts  of  spread  in  each  individual  beam .  The  use  of  high  labora¬ 
tory  energies  minimizes  space-charge  effects,  which  create  dif¬ 
ficulties  in  the  more  conventional  methods,  e.g.,  crossed  beams, 
used  to  study  two-body  reactions  in  the  low-energy  region. 

Among  the  limitations  of  this  method  is  the  difficulty  of  obtaining 
the  angular  dependence  of  cross-sections.  This  arises  because  the 
maximum  laboratory  soiid  angle  fer  reaction  products  is  relatively 
small  in  merging-beam  experiments.  Another  problem,  which  is 
not  unique  to  merging  beams,  is  that  of  identifying  the  states  of  reac¬ 
tants  and  products.  Excited  reactants  coming  from  the  ion  sources 
can  be  partially  controlled  and  their  abundance  studied  through  the 
use  of  electron-bombardment  ion  sources  in  which  only  single  col¬ 
lisions  between  electrons  and  atoms  occur.  Excited  species  in  a 
neutral  beam  can  also  be  generated  in  the  charge-transfer  cell.  The 
effects  of  some  of  these  species  on  the  measured  cross-section  can 
occasionally  be  studied  by  a  judicious  choice  of  the  neutralizing  gas. 
A  general  technique  for  detecting  excited  states  and  their  effects 
would  be  highly  desirable  but  has  not  been  developed, 
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Merging  beams  can  be  employed  to  study  a  variety  of  processes, 
including  ion-neutral,  neutral- neutraL,  ion-ion,  and  electron- ion  re¬ 
actions.  Devices  which  have  been  used  to  investigate  such  processes 
are  described  in  References  7-59  through  7-65.  The  apparatus  at 
Gulf  Energy  and  Envic  onmental  Systems  Company  (GEES)  has  been 
used  to  study  charge  transter  and  charge  rearrangement  between  ions 
and  neutrals  and  to  study  cherri- ionization  processes  (Reference 
7-59).  At  Wayne  State  University  (Reference  7-60),  charge  rear¬ 
rangement  between  ions  ard  neutrals  has  been  investigated.  Charge 
transfer  between  ions  and  neutrals,  and  between  two  ions,  have  been 
investigated  with  me  rging  -  beams  equipment  at  the  University  of 
Moscov/  (Reference  7-61),  and  at  the  University  of  Louvain  (Refer¬ 
ence  7-62),  respectively.  A  facility  at  Stanford  Research  Institute 
(Reference  7-63)  and  one  at  th°  University  of  Chicago  (Reference 
7-64)  have  been  used  to  study  mutual  neutralization  of  two  ions. 
Finally,  two  machines  are  being  developed  for  conducting  dissocia¬ 
tive  recombination  studies  between  electrons  and  molecular  ions, 
at  GEES  and  at  the  University  of  Western  Ontario.  Such  studies 
have  been  conducted  previously  by  merging  beams  (References  7-65, 
7-66).  However,  because  the  velocities  of  the  two  beams  were  not 
made  nearly  equal,  advantage  was  not  taken  of  the  capability  of  the 
technique  for  producing  low  relative  energies  with  high  resolution. 

7.7  PHOTON  MEASUREMENTS 

Experiments  involving  photons  are  of  two  types:  those  in  whicn 
the  interaction  of  photons  with  matter  is  under  study,  and  those  in 
which  a  given  collision  process  (not  necessarily  involving  reactant 
photons)  is  studied  by  investigation  of  the  resulting  photon  spectrum. 
Several  methods  involving  the  first  type  are  considered  here.  Ex¬ 
periments  of  the  second  type  are  also  mentioned. 

The  interaction  of  ultraviolet  radiation  with  atmospheric  consti¬ 
tuents  is  described  quantitatively  by  cross-sections  for  the  various 
processes  involved.  The  wavelength  region  of  interest  here  is  from 
3000  to  about  1  A,  and  the  most  important  processes  involve  ’  are 
dissociation,  ionization,  and  excitation.  The  total  absorption  cross- 
section  is  the  sum  of  the  cross  -  sections  for  all  these  processes  at 
any  wavelength,  when  only  initial  products  are  considered.  At  short 
wavelengths  the  photoelectron  may  have  sufficient  energy  to  ionize 
surrounding  molecules. 

Measurements  involving  the  absorption  of  photons  comprise  a  di¬ 
rect  simulation  of  atmospheric  phenomena.  Total  absorption  cross- 
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sections  can  be  obtained  by  measuring  the  attenuation  of  a  monochro¬ 
matic  photon  beam  by  the  gas  being  studied.  Cross-  sections  for  other 
processes  are  defined  by  some  other  property  of  the  system.  For 
example,  ionization  cross-sections  are  defined  by  the  number  of  ions 
formed  under  known  conditions.  Although  some  information  similar 
to  that  obtained  in  photon  absorption  processes  can  be  obtained  by 
other  methods,  such  as  electron  impact,  use  of  the  actual  radiation 
of  interest  is  often  preferable. 

Measurements  of  photon-particle  collisions  of  interest  to  the  upper 
atmosphere  have  been  limited  primarily  by  difficulties  nt  working 
in  the  vacuum  ultraviolet.  Because  of  the  structure  in  the  cross- 
section  curves,  it  is  desirable  to  use  continuum  background  light 
sources  rather  than  line  spectra.  Light  sources  used  include:  rare- 
gas  continua  from  mildly  high-pressure  gas  discharges  (600-4000  A); 
rare-gas  continua  produced  by  high- current,  rapid  discharges  (best 
at  X  >  1000  A);  the  hydrogen  continuum  (X  >  1650  A);  and  synchrotron 
radiation  (most  useful  in  the  region  1-600  A).  Adequate  light  sources 
for  all  wavelengths  are  a  continuing  problem  associated  with  mea¬ 
surements  of  this  nature. 

Since  many  of  the  measurements  require  photons  of  wavelengths 
where  normal  optical  windows  are  not  available  (<  1050  A),  it  is 
necessary  either  to  use  windowle.ss  systems  or  to  employ  special 
filters  such  as  thin  metallic  films,  e.  g.  ,  aluminum.  The  problems 
associated  with  the  available  light  sources,  as  well  as  those  related 
to  monochromators,  optical  gratings,  and  photon  detectors,  have 
been  discussed  extensively  (Reference  7-67), 
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total  absorption  cross-section  over  a  given  wavelength  region, 
absorption  cross-section  ft  is  defined  by  the  equation: 
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where  !  and  t  are  the  ohoton  fluxes  before  and  after  transmission 
o 

through  a  gas  of  particle  density  n  an  1  ahsorption  pathlength  x  ,  The. 
optical  density  is  therefore  CTnx  ;  where  this  quantity  is  equal  to  one, 
the  flux  is  reduced  by  l/e  .  The  total  absorption  coefficient  k  is  de¬ 
fined  in  terms  of  the  totai  absorption  cross-section  by  the  equation: 
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k  =  nQCr  ,  (7-3) 

where  nQ  is  Loschmidt's  number. 

In  the  usual  experiment,  the  atmospheric  gas  to  be  studied  is  con¬ 
fined  in  a  cell  behind  the  ex’t  slit  of  the  monochromator  (or  in  some 
cases  placed  inside  the  monochromator).  The  data  are  obtained  by 
scanning  the  wavelength  region  of  interest  with  and  without  gas  in 
the  absorption  cell.  Using  the  known  pathlength  and  gas  density,  the 
total  absorption  cross-section  can  be  obtained  from  the  attenuation 
of  the  photon  beam  by  the  gas  at  each  wavelength.  In  practice  the 
measurement  is  often  made  at  a  series  of  pressures  to  increase  the 
accuracy  of  the  results  in  regions  of  very  s.rong  and  very  weak  ab¬ 
sorption.  It  should  be  noted  that  an  absolute  measurement  of  the 
photon  flux  is  not  required  for  this  measurement. 

Total  aosorption  cross-sections  are  frequently  reported  with  an 
accuracy  of  ±10  percent.  The  exponential  nature  of  the  absorption 
law  makes  more  accurate  values  necess  ry.  Eandwidths  used  are 
from  about  one  to  0.  05  A.  These  bandwidths  are  inadequate  only  in 
regions  of  strong  rotational  lines,  and  in  such  regions  they  must  be 
reduced  to  obtain  values  of  the  greatest  use  in  atmospheric  problems. 

Several  experimental  groups  have  been  active  in  obtaining  total 
absorption  cross-sections  for  atmospheric  species.  A  general 
review  of  the  field  and  the  techniques  employed  is  given  in  the  Pro¬ 
ceedings  of  the  First  International  Conference  on  Vacuum  Ultravio¬ 
let  Radiation  Physics  (Reference  7-6S).  Descriptions  of  the  tech¬ 
niques  employed  by  various  workers  together  with  discussions  of 
probable  experimental  errors  are  given  in  References  7-t>9  through 

~T  —I  } 
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7.7.2  Photoionization  Measurements 

i  he  photoionization  cross  -  section  0.  may  be  defined  as  the 
absorption  cross-section  times  the  ratio  of  ion-pairs  produced  per 
second  to  the  number  of  photons  absorbed  per  second  in  a  pathlength 
x  ,  or ; 


where  i  is  the  ion  current  and  e  the  electronic  charge.  For  an 

o 
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ionization  chamber  operating  in  a  manner  such  that  all  positive  ions 
are  collected,  ig/e  is  equal  to  the  rate  of  ion-pair  production.  As 
in  the  case  of  total  absorption  processes,  it  is  convenient  to  define 
a  photoionization  coefficient  kj  where: 

ki  =  noa.  .  (7-5) 


The  experimental  methods  used  for  photoionization  studies  are 
generally  similar  to  those  used  for  total  absorption  measurements. 

A  monochromator  is  used  to  isolate  a  particular  wavelength  of  light 
which  is  then  directed  into  a  cell  located  behind  the  exit  slit.  The 
number  of  ion-pairs  formed  per  secord  is  determined  by  placing 
parallel-plate  electrodes  in  the  sample  cell  just  outside  the  photon 
beam  path.  A  small  voltage  sufficient  to  cause  current  saturation  is 
placed  on  these  plates,  and  the  ion  current  is  measured  with  a  sen¬ 
sitive  electrometer.  To  find  the  number  of  photons  absorbed  per 
second  it  is  necessary  to  measure  the  absolute  intensity  of  the  mono¬ 
chromatic  photon  beam  before  and  after  radiation  passes  through  the 
gas.  This  difficult  measurement  can  be  done  in  several  ways.  Two 
of  the  more  common  approaches  are  to  use  a  calibrated  thermopile 
or ,  below  1 022  A,  axenon  ionization  cell.  The  second  method  utilizes 
the  fact  that  the  ionization  yield  (ion-pairs  formed  per  photon 
absorbed)  of  xenon  is  unity  at  wavelengths  below  1022  A.  Primary 
standards  such  as  the  xenon  ionization  chamber  can  be  used  tc  stan¬ 
dardize  detectors  such  as  platinum,  tungsten,  or  other  metals  with 
fairly  well-known  photoelectric  efficiencies.  Various  detectors 
and  calibration  methods  are  discussed  in  Reference  7-67. 

In  addition  to  the  determination  of  accurate  first-ionization  poten¬ 
tials  and  cross-sections  for  ion  formation,  photoionizat.ion  has  been 
used  to  study  autoionization  processes.  The  accuracy  of  photoioni¬ 
zation  cross-sections  is  generally  less  than  that  for  total  absorpt'on 
cross- sections  since  an  absolute  value  of  the  photon  flux  is  required. 

One  variation  of  the  photoionization  technique  is  to  use  a  mass 
spectrometer  to  analyze  the  ion  current  formed.  This  technique  is 
more  useful  for  obtaining  information  on  the  processes  leading  to 
the  formation  of  fragment  ions  than  for  obtaining  total  photoioniza¬ 
tion  cross-sections. 

A  good  standard  reference  to  this  general  area  is  a  review  article 
by  G.  L.  Wcissler  (Reference  7-74).  Since  the  appearance  of  :his 
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review,  there  have  been  a.  number  of  developments  in  light  sources, 
detectors,  and  monochromators,  which  are  summarized  in  Refer¬ 
ence  7-68.  Additional  descriptions  of  apparatus  and  techniques  are 
available  (References  7-75,  7-76,  7-77). 

7.7.3  Photoelectron  Spectroscopy 

The  energies  of  inner  ionization  potentials  of  atoms  and  mole¬ 
cules  are  often  difficult  to  obtain  in  total  absorption  and  photoion:  - 
zation  measurements  due  to  masking  of  the  thresholds  by  autoioni- 
zation  processes.  Measurement  of  the  kinetic  energy  of  the  elec¬ 
tron  emitted  in  the  ionization  process  offers  a  means  o  overcoming 
this  problem.  Such  measurements  also  give  information  on  the  elec¬ 
tron  temperature  after  an  ionization  process  has  occurred.  A  use¬ 
ful  general  reference  is  available  (Reference  7-78), 

The  basic  technique  utilizes  the  fact  that  when  a  photon  is  ab¬ 
sorbed,  thereby  causing  an  ionization,  the  excess  energy  in  the  sys  ¬ 
tem  manifests  it js elf  as  kinetic  energy  of  the  ion- electron  pair.  Con¬ 
servation  of  momentum  results  in  virtually  all  of  this  energy  heing 
given  to  the  electron. 

In  the  usual  experiment,  a  monoch-omatic  beam  of  radiation  ob¬ 
tained  either  directly  from  a  rare-gas  discharge  or  from  a  mono¬ 
chromator  is  directed  info  the  gas  under  study.  The  energy  of  the 
radiation  must  be  more  than  sufficient  to  cause  ionization  and  the 
gas  pressure  sufficiently  low,  such  that  none  of  the  photoelectrons 
interact  with  the  ga  s.  The  energy  of  the  released  electrons  is 
usually  measured  using  retarding-polential  techniques  (References 
7-79,  7-80,  7-81)  or  by  employing  electrostatic  energy  analyzers 
(Reference  7-83.).  An  illustration  of  an  instrument  used  by  Frost 
et  al  (Reference  7-81),  in  which  retarding-potential  techniques  are 
used,  is  shown  ir  Figure  7-b.  Here  the  detector  is  designed  such 
that  there  is  no  discrimination  against  electrons  emitted  over  a 
large  angular  range.  Helium-resonance  radiation  ( 584  A)  from  a 
fiicrowave  uii  vrv.rge  induces  ionization  in  the  spherical  grid 

ser.ibly. 

Photoelectron  spectroscopy  also  offers  information  on  the  proba¬ 
bilities  for  for  mi  r.g  the  '-arious  ionic  states  available  for  the  photon 
energy  used.  Since  each  ionization  event  releases  an  electron, 
and  the  energy  of  that  electron  depends  on  the  particular  ionic  state 
formed,  measurement  of  the  number  of  electrons  corning  fromi  each 
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Figure  7-6,  System  for  photoionizotion  ond  for  collection  ond  retarding- 

potentiol  onoly?.is  of  photoelectrons,  used  by  Frost,  McDowell, 
and  Vroom  (Reference  7-81). 
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ionization  process  yields  the  relative  probability  for  formation  of 
each  state  at  the  photon  energy  used.  Experiments  which  illustrate 
how  the  distribution  of  the  ion  states  formed  changes  as  a  function 
of  waveiength  of  the  ionizing  radiation  have  also  been  reported  (Ref¬ 
erence  7-83). 

Experimental  measurements  of  the  angular  distributions  of 
secondary  electrons  emitted  in  the  photoionizationprocess  have  been 
reported  (Reference  7-77).  Such  measurements  have  been  made 
using  the  retarding -field  method  (Reference  7-84),  and  using  a 
movable  electrostatic  analyzer  (References  7-85,  7-86,  7-87). 

7.7.4  Photodetnchment  Measurenents 

Pnotodetachment,  the  removal  of  electrons  from  negative  ions  by 
photon  impact,  has  been  studied  experimentally  (References  7-88, 
7-89,  7  93;,  using  a  technique  which  involves  crossing  a  mass- 
analyzed  negative -ion  beam  with  a  modulated  photon  beam.  The  slow 
electrons  produced  are  collected  by  means  of  weak  magnetic  and 
electric  fields  and  measured  using  AC  amplification  and  phase- 
sensitive  detection.  The  experimental  scheme  is  shown  inFigure  7-7. 

The  photon  energy  is  generally  much  less  than  that  for  the  photo¬ 
absorption  or  photoionization  experiments  but  the  intensities  re¬ 
quired  are  much  higher,  in  an  earlier  method  the  radiation  source 
was  a  carbon  arc  or  high-pressure  discharge.  Specific  wavelengths 
were  selected  by  using  optical  filters. 

In  the  experiments  of  Lineberger  and  Woodward  (Reference  7-91) 
the  arc  or  discharge  light  source  is  replaced  by  a  tunable  dye  laser, 
thereby  increasing  both  the  resolution  and  the  sensitivity  of  the 
apparatus  and  extending  the  number  of  systems  available  for  study. 

In  addition  to  accurate  electron  affinities  and  photodetachment 
cross  -  sections,  the  results  of  these  experiments  hav*  led  to  calcu¬ 
lations  of  the  probability  of  the  reverse  process,  radiative  attach¬ 
ment,  for  which  few  experimental  results  are  available. 

7.7.5  Detection  of  Excited  Products 
Using  Opticoi  Spectra 

A  principal  difficulty  in  the  interpretation  of  collision  phenomena 
lies  in  the  attempt  to  account  for  the  energy  in  the  system  after  the 
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PRINCIPLE  OF  PHOTODETACHMENT  APPARATUS 
X  "  +  h2  X  +  e 


Figure  7-7.  Block  diagram  of  photodetachment  apparatus  of  Smith  and 
Branscomb  (Reference  7-90). 


collision  has  occurred.  One  important  method  of  determining 
whether  or  not  any  excess  energy  goes  into  translational  motion  of  the 
products  or  into  internal  energy  is  to  search  for  optical  emission 
from  the  products.  The  presence  of  emission  indicates  the  decay 
of  excited  otwLtcOj  rid  the  \v 3 ?.lio\vs  identification  of  tHc 


state.  This  method  is  applicable  only  in  cases  where  the  excited 
states  formed  can  decay  through  optical  emission. 


The  experimental  technique  generally  involves  passing  a  beam 
of  charged  particles  {ions  or  electrons)  through  a  stationary  gas  and 
observing  the  collision  region  with  a  monochromator.  Observation 
of  the  radiation  produced  as  a  function  of  collision  energy  leads  to 
information  on  the  relative  cross-section  for  formation  of  the  parti¬ 
cular  state  under  consideration.  Some  care  must  be  taken,  how¬ 
ever,  in  interpreting  the  spectra,  since  the  radiation  from  the  state 
under  consideration  may  result  either  totally  or  partially  from  popu- 
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lation  of  that  state  through  the  decay  of  higher-lying  states,  i.  e.  , 
cascade  processes.  A  study  ot  the  complete  spectrum  as  a  function 
of  impact  energy  often  allows  a  more  relia.ble  interpretation  to  be 
made.  Accounts  of  expo  dmentj  of  this  nature  may  be  found  in  Refer¬ 
ence  7-92  for  electron  impact,  and  Reference  7-93  for  ion  impact. 

7.8  STUDIES  OF  IRRADIATED  AIR 

This  type  of  experiment  attempts  to  approximate  the  conditions 
n  the  ionosphere  as  nearly  as  possible  and  then  to  study  the  elec¬ 
tron  and  ion  production  and  loss  mechanisms  when  the  air  is  sub¬ 
jected  to  ionizing  radiation.  Diagnostic  techniques  used  in  these 
studies  include  1JHF  measurements  of  the  complex  conductivity  of 
the  ionized  gas,  from  which  densities  and  collision  frequencies  of 
slow  secondary  electrons  can  be  deduced,  as  well  as  mass  and 
optical  spectroscopy  for  the  identification  and  measurement  of  ionic 
and  neutral  species  and  of  excited  states,  respectively.  A  sche¬ 
matic  diagram  of  the  experimental  apparatus  used  by  Hirsh  et  al 
(References  7-94,  7-95,  7-96}  is  shown  in  Figure  7-8. 

A  divergent  beam  of  1.  5-MeV  electrons  from  a  van  de  Graaff 
accelerator  traverses  the  thin  foil  end  of  a  large  (4  feet  in  diameter, 

2  feet:  long)  cylindrical  UHF  cavity,  resonant  in  the  TEq^  mode  at 
390  MHz,  in  which  the  gas  is  contained.  Over  the  pressure  range 
empl«  yed  in  these  experiments,  the  gas  does  rot  appreciably  at¬ 
tenuate  the  electrons  during  their  traverse  of  the  cavity.  This, 
coupled  v>  ith  the  geometry  of  fhe  divergent  beam,  provides  a  source  of 
ionization  which  is  spatially  uniform  over  the  gas  to  within  20 
percent. 

Two  types  of  experiments  are  performed.  In  one.  the  electron 
beam  irradiates  the  gas  continuously,  setting  up  a  steady- state  dis¬ 
tribution  of  charged  particles  and  excited  neutral  species.  Densities 
of  ions  and  slow  secondary  electrons  and  intensifies  of  optical  emis¬ 
sion  are  measured  as  functions  of  the  fast  electron-heam  current  and 
the  pressure  and  chemical  composition  of  the  gas.  The  density  of 
primary-beam  electrons  is  too  small  to  be  detected  by  their  contri¬ 
bution  to  the  conductivity,  so  that  only  the  slow  secondaries  are  mea¬ 
sured,  In  the  second  type  of  experiment,  the  electron  beam  i3  pulsed 
on  arid  off  periodically,  and  time- resolved  measurements  are 
made  during  the  approach  to  in-beam  equilibrium  and  during  the 
radiation  afterglow. 
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7-8.  Schematic  af  the  apparatus  used  by  Hi » sh  et  a!  (References 
7-94,  7-95,  7-96)  tor  studies  of  irradiated  gases. 
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The  system  makes  it  possible  to  measure  several  parameters 
simultaneously,  e.  g.  ,  electron  densities  and  excited- state  densities. 
These  several  methods  provide  complementary  information  on  the 
inherently  multi-parameter  ionized  gas,  thus  placing  more  stringent 
restrictions  on  the  models  used  to  explain  the  measurements  than 
could  be  deduced  from  a  single  type  of  measurement. 

van  Lint  and  colleagues  (Reference  7-97)  have  also  used  the  ioni¬ 
zation  afterglow  techniques  in  air-like  mixtures  as  well  as  in  pure 
gases.  In  their  experiments  the  electron- ion  pairs  are  formed  by 
a  short  pulse  of  10-  to  30-MeV  electrons.  A  microwave  signal  is 
transmitted  through  this  dilute  plasma,  and  the  electron  density  and 
the  electron-atom  collision  frequency  are  measured  by  detecting  the 
amplitude  and  phase  shift  with  a  microwave  detector  in  a  bridge  con¬ 
figuration.  From  these  results  values  of  rate  coefficients  for  attach¬ 
ment  and  electron-ion  recombination,  as  well  as  the  momentum- 
transfer  collision  frequency  and  the  energy-transfer  collision  fre¬ 
quency,  for  thermal  and  near-thermal  energies ,  are  deduced. 
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8.  DATA-GATHERING  METHODS  BASED 
ON  THEORETICAL  ANALYSIS 

A.  Dalgarno,  Harvard  College  Observotory  ond 
Smithsonian  Astrophysicol  Observatory 
(Latest  Revision  15  April  1971) 


8.1  INTRODUCTION 

Quantum  mechanics  provides  a  formal  description  of  atomic  and 
molecular  processes,  bat  only  for  a  few  types  of  processes  is  it  pos¬ 
sible  to  make  accurate  quantitative  predictions.  However,  theory 
may  still  be  useful  in  providing  limits  to  the  efficiencies  with  which 
reactions  may  occur.  The  basic  theory  is  described  in  various  chap¬ 
ters  of  References  8-1  and  8-2  where  a  compr eheris ive  exposition  is 
given  of  the  processes  listed  in  the  following  summary. 


8.2  ELECTRON-ION  RECOMBINATION  PROCESSES 
8,2.  Radiative  Recombi notion 

n  a  low-density  plasma,  recombination  of  electrons  and  positive 
ion.  occurs  through  the  radiative  recombination  process 


X  +  e 


X,  +  hu 
b 


(8-1) 


where  the  prime  indicates  that  the  product  atom  may  he  in  a  bound 
excited  state.  For  hydrogenic  ions,  the  rate  coefficient  0;r  of  Kqua- 
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are  given  in  Table  8-1  for  a  wide  range  of  temperatures.  For  more 
complex  systems,  capture  into  highly  excited  levels  is  similar  to 
capture  by  protons  and  capture  into  low  levels  may  he  derived  from 
experimental  or  theoretical  values  of  the  cross- sections  for  the  in¬ 
verse  process  of  phetoionization,  Values  of  Qt  at  250 K are  presented 
in  Table  8-2  for  a  number  of  positive  ions.  Because  of  the  con¬ 
tributions  from  capture  into  the  highly  excited  levels,  there  is  little 
variation  with  ionic  species.  The  temperature  variations  are  .simi¬ 
lar  to  that  illustrated  by  Table  8-1, 

Since  process  (8-1)  is  radiative,  the  calculation  of  its  efficiency 
reduces  to  an  evaluation  of  matrix  elements  of  the  electric  dipole 
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Table  8-1.  Coefficient'  of  radiative  recombination 
of  H+  and  e  . 


T(K) 

250 

500 

1000 

2000 

4000 

8000 

r  3  -1  ,nl2\ 

a^cm  sec  x  10  ; 

4.84 

3.12 

1.99 

1.26 

0.78 

0.48 

Table  8-2.  Coefficient  of  radiative  recombination 
of  X+  and  e  at  250  K . 


X 

H 

He 

Li 

c 

N 

O 

Ne 

Na 

K 

,  3  - 1  ,n12t 

«  (cm  sec  x  10  1 

r 

4.8 

4.8 

EB 

m 

3.6 

B 

EB 

3.2 

B 

operator.  The  uncertainties  in  the  predicted  rate  coefficients  occur 
in  the  wavefunctions  of  the  system  X  .  For  most  systems,  wave- 
functions  more  accurate  than  hydrogenic  are  available  and  more  ac¬ 
curate  calculations  ofQr  could  be  performed.  Although  the  pr  edicted 
rate  of  capture  into  any  given  level  might  be  significantly  altered, 
a  substantial  change  in  the  overall  recombination  coefficient  is  un¬ 
likely  because  most  of  the  captures  occur  into  highly  excited  levels 
for  which  the  hydrogenic  approximation  provides  a  valid  description. 

8.2.2  Dielectronic  Recombination 

At  high  temperatures,  the  process  of  dielectronic  recombination 
must  be  considered.  Dielectronic  recombination  may  also  be  rep¬ 
resented  by: 

XX  4  e  -  X ‘  -  XL  +  hv  ,  (8-Z) 

d  b 

with  the  difference  that  X^  is  not  in  a  bound  state  but  is  in  an  excited 
state  which  overlaps  a  continuum.  Stabilization  is  effected  by 
radiative  transitions  of  X  to  lower  excited  states.  Because  of  the 
possibility  of  a  large  statistical  weight  for  the  final  states  Xj  ,  di¬ 
electronic  recombination  may  be  more  efficient  than  radiative  re¬ 
combination  in  some  cases.  Burgess  (Reference  8-3)  has  given  a 
simple  formula  for  estimating  the  rate  coefficients  Of^  'or  dielec¬ 
tronic  recombination.  Values  as  high  as  10"  ^  <-m^  sec'^  are  pos¬ 
sible.  However,  for  the  important  cases  of  N-*"  and  0+  ground-state 
ions,  Bates  (Reference  8-4)  hc.s  shown  that  is  smaller  than  ttr  . 
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Unlike  radiative  recombination,  dielectvonic  recombination  is  an 
electron  interaction  process.  It  depends  upon  the  resonance  struc¬ 
ture  of  the  scattering  of  electrons  by  the  positive  ion.  Because  of 
overlapping  and  interference  of  resonances  and  because  of  changes 
in  the  zero-order  angular  momentum  coupling  schemes  that  charac¬ 
terize  the  resonances  (cf.  Reference  8-5),  the  accurate  prediction 
of  the  efficiency  of  dielectronic  recombination  encounters  severe 
difficulties. 

8.2.3  Collisioncl  Recombi notion 

At  high  electron  densities,  stabilization  can  occur  by  a  collision 
with  a  thermal  electron: 

X  '  +  e  -  X  +  e  ,  {8-3) 

d 

and  the  recombination  coefficient  becomes  proportional  to  the  elec¬ 
tron  density.  Large  densities  are  required  before  Equation (8 -3)  has 
an  efficiency  comparable  to  that  of  Equation  (8-2)  (Reference  8-6). 

8.  2.  4.  1  COLLISIONAL-RADIATIVE 
RECOMBINATION 

In  plasmas  of  moderate  and  high  densities,  recombination  is  com¬ 
plicated  by  the  necessity  of  taking  simultaneous  account  of  radiative 
and  collisional  processes  and  the  effective  recombination  coefficient 
is  a  function  of  the  electron  density.  A  detailed  study  has  been  car¬ 
ried  out  by  Bates,  Kingston,  and  McWhirter  (References  8-6, 

8-7).  They  argue  that  tne  populations  of  the  excited  states  of  X  are 
effectively  in  statistical  equilibrium  so  that  the  decay  of  the  plasma 
is  controlled  by  the  rate  at  which  the  population  of  the  ground  state 
is  increased. 

Detailed  numerical  results  for  an  optically  thin  plasma  composed 
of  protons  and  electrons  are  reproduced  in  Table  8-3.  Explicit  re¬ 
sults  for  a  helium-ion  plasma  are  also  available  (Reference  8-8). 

The  studies  of  Bates,  Kingston,  and  McWhirter  suggest  that  the  re¬ 
combination  coefficient  is  not  very  sensitive  to  the  ionic  species  in¬ 
volved.  Results  for  an  optically  thick  plasma  have  been  given  by 
Bates,  Kingston,  and  McWhirter  (Reference  8-9)  and  by  Bates  and 
Kingston  (Reference  8-10). 
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Toble  8-3.  Coefficient  of  collisionol  radiotive  re  combi  notion. 


n  (cm  ^) 
e 

TOO 

250 

500 

1000 

2000 

,08 

8.8  x  TO'11 

1.4  x  10'11 

-12 

4.1  x  10  1 

-12 

1 .8  x  10 

,09 

o 

i 

o 

X 

o 

■M- 

3.8  x  ’0'11 

-12 

7.5  x  10 

-12 

2.5  x  10 

ic'° 

2.8  x  10"9 

1.6  x  10~10 

1.9  x  10"11 

-12 

4.1  x  10 

,o" 

-8 

2.7  x  10 

1 .0  x  10-9 

6.9  x  10-11 

-12 

9.1  x  10 

!0IZ 

2.6  x  IQ'7 

9.0 x  10"9 

3.9  x  10'10 

2.9  x  10"11 

,o13 

2.6  x  10-6 

-8 

8.9  x  10 

3.1  x  10“9 

1.4  x  10"10 

,o14 

_5 

2.6  x  10 

8.8 x  10"7 

2.9  x  10“® 

9.8  x  10"10 

8.  2.  4.  2  COLLISION  A  L-  DIELECTRONIC 
RECOMBINATION 

Dielectronic  recombination  in  plasmas  of  moderate  and  high  den¬ 
sities  is  also  complicated  by  the  effects  of  collision-induced  transi¬ 
tions.  Detailed  studies  for  a  number  of  positive  ions  have  been  car¬ 
ried  out  by  Burgess  and  Summers  (Reference  8-11). 

8.2.5  Three -Body  Recombination 

At  high  neutral  particle  densities,  the  three-body  recombination 
process 

X++M+e-X+M  ,  (8-4) 

may  be  significant.  The  process  is  analogous  to; 

X  ■te+e-’X+e,  (8-5) 

which  contributes  to  collisional-radiative  recombination.  Bates  and 
Khare  (Reference  8-12)  have  formulated  a  statistical  theory  which 
incorporates  a  detailed  description  of  the  energy  los-  processes 
undergone  by  the  electron.  For  positive  ions  moving  in  helium  gas 
with  a  number  density  of  10^  cm'^  at  a  temperature  of  250  K,  Bates 
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and  Khare  compute  rate  coefficients  of  about  10“^  cm^  sec'  The 
theory  of  Bates  and  Khare,  suitably  generalized,  has  been  used  by 
Victor,  Klein,  and  Dalgarno  and  values  of  high  reliability  have  been 
obtained  for  a  large  number  of  atomic  ions  in  all  the  inert  gases 
(Reference  8-13).  The  rate  coefficients  are  larger  for  ions  moving 
in  molecular  gases  because  of  energy  losses  by  rotational  and  vibra¬ 
tional  excitation.  Water  vapor  is  particularly  efficient  as  a  third 
body.  Detailed  calculations  (Reference  8-14)  have  been  performed. 

8.2.6  Dissociative  Recombination 

Molecular  ions  may  be  removed  by  the  process  of  dissociative 
recombination: 

XY+  +  e  -  X'  +  Y'  .  (8-6) 

Dissociative  recombination  proceeds  by  radiationless  transitions 
which  usually  occur  more  rapidly  than  radiative  transitions.  The 
process  can  be  regarded  as  the  formation  of  a  temporary  resonance 
state  or  molecuUtr  complex  (XY)*  which  stabilizes  by  dissociation 
(Reference  8-6).  In  order  for  the  process  to  be  efficient  the  inter¬ 
action  potential  of  the  initial  state  of  XY+  must  cross  that  of  the  reso¬ 
nance  state  near  to  the  equilibrium  separation  of  XY*.  If  the  time 
for  autoionization  of(XY)v  is  long  compared  to  the  time  for  the  stabi¬ 
lizing  dissociation  process,  the  recombination  coefficient  for  XY+ 
in  a  particular  vibrational  level  varies  approximately  with  electron 
temperature  Te  as  Tg-!^  (Reference  8-15).  The  recombination 
coefficient  may  well  be  sensitive  to  the  vibrational  distribution  of 
the  molecular  ion.  The  behavior  with  vibrational  temperature  is 
difficult  to  predict  because  it  depends  upon  the  detailed  nature  of  the 
interaction  potentials. 

Sufficient  spectroscopic  data  are  available  for  the  B  ^11  and  Br  ^A 
states  of  nitric  oxide  to  permit  estimates  of  the  interaction  ootentials 
and  autoionization  lifetimes.  Bardsley  (Reference  8-15)  ha?  calcula¬ 
ted  a  rate  coefficient  of  2.6  x  10~7  cm^  sec~l  for  their  contribution 
to  the  dissociative  recombination  of  NO+  at  3  K.  Other  molecular 
states  may  provide  paths  leading  to  dissociate  ;  recombination  and 
there  may  occur  in  addition  to  the  direct  processes  for  dissociative 
recombination  an  indirect  process  in  which  the  electron  is  captured 
by  transfer  of  its  kinetic  energy  to  the  rotational  and  vibrational  modes 
of  the  nuclear  motion  (Reference  8-15).  The  electron  is  then  moving 
in  a  highly  excited  Rydberg  state  of  the  molecule  which  can  dissociate 
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because  of  apseudo-crossing  with  some  non-Rydberg  state.  Detailed 
calculations  of  the  properties  of  Rydberg  states  (Reference  8-6) 
may  be  necessary  in  order  to  assess  reliably  the  quantitative  sig¬ 
nificance  of  the  indirect  mechanism, 

8.3  REMOVAL  OF  NEGATIVE  IONS 

8.3.1  Mutual  Neutralization 

Positive  and  negative  ions  can  be  converted  into  neutral  species 
by  the  process  of  mutual  neutralization : 

X+  +  Y"  -  X  +  Y  .  (8-7) 

Calculations  have  been  carried  out  by  Bates  and  Lewis  (Reference 
8-16)  and  by  Bates  and  Boyd  (Reference  8-17),  assuming  that  the 
process  can  be  regarded  as  a  crossing  from  the  initial  to  the  final 
potential  energy  surface,  the  probability  of  which  is  approximated 
by  the  Landau- Zener  formula..  Calculations  of  a  similar  kind  for 
more  complex  systems  have  been  carried  out  by  Olson,  Peterson, 
and  Moseley  (Reference  8-18).  The  approximations  are  very  severe 
and  it  is  not  clear  that  the  results  have,  except  by  chance,  more 
than  qualitative  value.  The  calculations  are  probably  correct  in 
showing  that  the  rate  coefficients  at  a  temperature  T  of  300  K  ex¬ 
ceed  10“^  cm^  sec'^.  Because  of  the  collecting  action  of  the  Cou¬ 
lomb  force,  the  rate  coefficients  vary  as  T-l/2. 

8.3.2  Associotive  Detachment 

Associative  detachment  is  the  process: 

X"  +  Y  -  XY  +  e  .  (8-8) 

If  the  process  is  regarded  as  occurring  through  the  formation  of  a 
quasi-molecuiar  ion  which  undergoes  autodetachment,  a  rate  coef¬ 
ficient  of  about  10'^®  cm^  sec-^-  is  obtained  (Reference  8-19).  More 
elaborate  quantal  formulations  have  been  advanced  (Reference  8-20), 
which  describe  the  nuclear  motion  as  occurring  in  a  force  field  de¬ 
rivable  from  a  complex  potential.  The  imaginary  part  is  the  inverse 
of  the  lifetime  towards  autodetachment.  For  H  interacting  with  H“, 
the  potential  has  been  calculated  approximately  from  first  principles 
(Reference  8-21)  and  also  semi-empirically  (Reference  8-22)  from 
experimental  data  on  the  reverse  reaction  of  dissociative  attachment 
(cf.  Section  8.  9.  1).  A  semi- classical  theory  has  been  used  (Refer- 


3-6 


CHAPTER  8 


ence  8-23)  to  calculate  the  rate  coefficient  for  the  associative  detach¬ 
ment  of  H  and  H”  .  It  is  almost  constant  over  a  wide  range  of  tem¬ 
peratures  with  a  value  of  2  x  10“  9  sec"^.  Calculations  have  also 
been  reported  for  O  and  O'  (Reference  8-24). 

8.3.3  Callisianal  Detachment 

An  approximate  description  of  collisional  detachment  processes: 

X"  +  Y  -  X  +  Y  +  e  ,  (8-9) 

has  been  presented  by  Bates  and  Massey  (Reference  8-25)  but  no 
quantitative  predictions  have  been  made  for  collisions  at  thermal 
velocities. 

8.3.4  Three -Body  Recambinction 

At  high  gas  densities,  the  three-body  recombination  processes: 

X+  +  Y~  +  M  -*  X  +  Y  +  M  (8-10) 

X+  +  Y'  t  M  -  XY  +  M  , 

will  occur  more  rapidly  than  mutual  neutralization.  Bates,  Moffett, 
a.nd  Flannery  (Reference  8-26)  have  formulated  an  effectively  exact 
statistical  theory  and  have  worked  out  its  consequences  for  ions  re¬ 
combining  in  various  gases.  The  results  agree  closely  with  those 
of  the  simple  theory  introduced  by  Thomson  (Reference  8-27).  In 
air,  the  predicted  value  of  the  recombination  coefficient  is  about 
10~2  'p-5/2  p  crr)3  sec"I(  where  p  is  the  pressure  in  torr  and  T  is 
tlie  temperature  (Reference  8-28). 

8.4  CHARGE  TRANSFER 

8.4.1  Symmetrical  Resonance  Charge  Transfer 
Symmetrical  resonance  charge  transfer: 

X+  +  X  -  X  +  XL  ,  (8-11) 

does  not  involve  an  electronic  transition  and  reliable  results  can  be 
obtained  from  a  theory  which  takes  account  of  only  the  initial  and 
final  states.  Various  simple  expressions  exist  with  which  estimates 
can  readily  be  made  (References  8-29,  8-30).  Detailed  calcula- 
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tions  for: 

o+  +  O  -  O  +  O*  , 

and:  (8-12) 

N+  +  N  -  N  +  N  , 

have  been  car  ied  out  (Reference  8-31)  and  precise  values  of  the 
diffusion  coefficient  of  0+  in  O  have  been  obtained  (References 
8-31,  8-32). 


8.4,2  Accidental  Resonance  Charge  Transfer 

Accidental  resonance  charge  transfer,  one  example  of  which  is: 

H f  +  O  -  H  +  Q+  ,  (8-13) 

does  involve  an  electronic  transition  and  no  reliable  procedure  has 
been  established  for  predicting  the  cross-section.  A  semi-empiri- 
cal  analysis  by  Rapp  and  Francis  (Reference  8-29)j  which  yields 
results  in  harmony  with  high-energy  measur ernents,  predicts  a  cross- 
section  of  a  few  times  10“  18  cm^  for  Equation  (8- 1 3)  at  thermal  veloci¬ 
ties. 


8,4.3  Non -Resonance  Charge  Transfer 

The  theoretical  studies  of  non-resonance  charge  transfer; 


X+  +  Y  -  X  Y+ 


(8-14) 


T~ _ -  1  1  *• 

xii  At 


Via Kppn  rcvi~v/sd  by  Br-r.sdci  (Fvcfcrcncc  S  33), 
appears  that  non- resonance  charge  transfer  processes  proceed 
slowly  at  thermal  velocities  but  exceptions  are  not  uncommon,  for 
the  colliding  particles  may  form  a  temporary  but  long-lived  collision 
complex. 


The  cross  -  se  ctions  will  presumably  be  sensitive  to  the  detailed 
structure  of  the  collid’ng  particles.  Nevertheless  an  essentially 
classical  theory  (Reference  8-30)  has  proved  remarkably  accurate 
at  intermediate  velocities. 


8-8 


CHAPTER  8 


I 


( 


{ 


8.4.4  Radiative  Charge  Transfer 

At  thermal  velocities,  radiative  charge  transfer- 

X+  +  Y  -  X  +  YT  +  hv  ,  (8-15) 

may  proceed  more  rapidly  than  charge  transfer  for  exothermic  re¬ 
actions.  The  efficiency  of  Equation  (8-15)  depends  upon  the  availa¬ 
bility  of  a  molecular  state  which  car.  radiate  by  an  allowed  transi¬ 
tion.  A  number  of  specific  calculations  have  been  carried  out  and 
a  rate  coefficient  of  10'AJ  cmJ  see”  has  been  obtained  in  a  favor¬ 
able  case  (References  8-34,  8-35). 


8.5  ION-MOLECULE  REACTIONS 

A  summary  of  the  theories  of  ion-molecule  reactions  is  given  in 
Reference  8-36.  If  it  is  assumed  that  all  close  collisions  lead  to 
reaction,  an  upper  limit  of: 

k  =  2.  3  x  10  (Of/M)^^  cm^  sec  ,  (8-16) 

where  O',  is  the  molecular  polarizability  and  M  is  the  reduced  mass 
on  the  chemical  scale,  is  given  for  the  rate  coefficient  of  lon-mole- 
cule  reactions  such  as: 

X+  +  XZ  -  X  +  YZ+ 

-  XY+  +  Z  (8-17) 

-  XZ+  +  Y 

-9  3 

(Reference  8-37).  For  air  molecules,  k  is  of  the  order  of  10  cm 
sec"l.  The  actual  rate  may  be  much  less  but  no  quantal  predictions 
have  been  made.  Equation (8- 1 6)  also  provi  s  an  upper  limit  to  the 
coefficient  of  Equation (8- 14).  Useful  semi-  ..  pirical  analyses  have 
been  carried  out  hy  Wolf  and  Turner  (Reference  8-38)  and  by  Bohme, 
Hasted,  and  Ong  (Reference  8-39). 

8.6  QUENCHING  COLLISIONS 

Quenching  collisions- 

X'  +  Y  -  X  +  Y  '  (8-18) 

can  be  understood  qualitatively  in  term3  of  a  near  approach  of  mole- 
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cular  potential- energy  curves.  They  are  likely  to  be  rapid  if  the  tran¬ 
sitions  X  -  X  and  Yr  -  Y  are  optically  allowed  (References  8-1, 
8-40),  especially  if  the  energy  defect  is  small. 

The  quenching  collisions: 

X'  +  YZ  -  Y  +  XZ  (8-19) 

X'  +  YZ  -  X  +  YZ*  ,  (8-20) 

the  double- dagger  indicating  vibrational  excitation,  can  also  occur 
rapidly  provided  suitable  potential-energy  surfaces  are  available. 

Radiative  quenching  processes: 

X'  +  Y  -X+Y  +  hl'  ,  (8-21) 

are  usually  very  slow  (Reference  8-41). 

8.7  VIBRATIONAL  DEACTIVATION 

The  them  >?t  cal  studies  of  vibrational  deactivation: 

XY*  +  Z  -  XY  +  Z  ,  (8-22) 

have  been  comprehensibly  reviewed  by  Takayanagi  in  Reference 
8-42  (see  also  Reference  8-43),  Reliable  predictions  are  prevented 
in  most  case3  by  a  lack  of  knowledge  of  the  interaction  potentials. 


8.8  ELECTRON  IMPACT 
8.8. 1  Electronic  Excitation 

The  theory  of  the  excitation  of  atoms  by  electron  impact  has  been 
described  by  Seaton  (Reference  8-44).  Reliable  cross-sections  for 
the  excitation  of  the  metastable  levels  of  atomic  oxygen: 

e  +  0(3P)  -  e  +  O^D)  (3-23) 

e  +  0(3P)  -  e  +  0(1S)  .  (8-24) 

have  been  obtained  by  Henry,  Burke,  and  Sinfailan  (Reference  8-45), 
by  a  refinement  of  the  original  work  of  Seaton  (Reference  8-46).  Ref¬ 
erence  8-45  also  contains  cross-sections  for  atomic  nitrogen  and 
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some  positive  ions  of  oxygen  and  nitrogen.  More  extensive  studies 
of  electron  scattering  are  in  progress  (Reference  8-47),  Cartwright 
(Reference  8-48)  has  calculated  cross-sections  for  the  electron  im¬ 
pact  excitation  of  tiiplet  states  of  molecular  nitrogen  U3ing  the 
Ochkui  -  Budge  -.pproximation. 

8.8.2  Rotationol  Excitation 

The  excitation  of  rotational  levels  in  molecules  has  been  studied 
intensively  (References  8  -49  through  8-55)  and  accurate  predictions 
are  available  for  the  excitation  of  rotational  levels  of  nitrogen  (Ref¬ 
erences  8-53,  8-56).  The  position  regarding  molecular  oxygen 
remains  obscure  but  it  has  been  demonstrated  that  the  cross-sections 
can  be  larger  than  those  for  nitrogen  despite  the  much  smaller  quad- 
rupole  moment  (References  8-56,  8-57). 

8.9  VIBRATIONAL  EXCITATION 

Mod.-  I  calculations  have  been  performed  (References  8-58, 

8-59)  which  reproduce  well  the  cross-sections  for  vibrational  exci¬ 
tation  measured  by  Schulz  (Reference  8-60)  and  the  theory  has  been 
used  co  extrapolate  the  experimental  data  down  to  thermal  velocities 
(see  in  particular  References  8-59,  8-61).  Purely  theoretical 
predictions  have  also  been  made  (Reference  8-62).  An  analysis  of 
the  molecular  oxygen  data  has  been  reported  (Reference  8-63). 


8.9.1  Dissociative  Attachment 

There  have  been  important  developments  (Reference  8-64)  in  the 
theory  of  dissociative  attachment: 

e  +  XY  -  X  +  Y  ,  (8-25) 

and  theoretical  models  (Reference  8-65)  have  been  constructed  that 
are  consistent  with  the  data  of  Henderson,  Fite,  and  Brackmann 
(Reference  8-66)  on  the  dissociative  attachment  of  vibrationally  ex¬ 
cited  molecular  oxygen. 

8.10  PHOTOIONIZATION 

Photoionization  cross-section  calculations  have  been  summarized 
by  Ditchburn  and  Opik  (Reference  8-67)  and  by  Stewart  (Reference 
8-68).  Hartree-Fock  calculations  for  atomic  oxygen  have  been  car- 
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ried  out  by  Dalgarno,  Henry,  and  Stewart  (Reference  8-69),  and  for 
atomic  nitrogen  by  Henry  (Reference  3-70),  Calculations  which  in¬ 
clude  the  contributions  from  the  resonance  associated  with  the  auto- 
ionizing  levels  have  been  reported  also  (Reference  8-  71).  These 
cross-section  data  should  be  reliable.  Cross-sectionsfor  the  photo¬ 
ionization  of  ions  of  oxygen  and  nitrogen  have  been  obtained  by  Hidal¬ 
go  (Reference  8-72),  by  Henry  and  Williams  (Reference  8-73),  and  by 
Silk  and  Brown  (Reference  8-74). 

The  photoionization  of  molecular  nitrogen  has  been  investigated 
theoretically  by  Schneider  and  Berry  (Reference  8-75)  and  Tuckwell 
(Reference  8-76).  The  results  provide  valuable  insight  into  the 
nature  of  the  end  products. 
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9.1  INTRODUCTION 

The  measurement  of  recombination  coefficients  and  reaction  rates 
in  the  atmosphere  is  important  even  though  it  is  often  more  accurate 
and  less  expensive  to  measure  these  parameters  in  the  laboratory. 

This  is  because  not  enough  is  known  about  the  ionosphere  to  be  cer¬ 
tain  that  the  laboratory  measurements  are  valid  for  ionospheric  con¬ 
ditions.  The  principal  deficienci®'-  in  desired  ionospheric  informa¬ 
tion  are  a  lack  of  accurate  data  on  ionic  species,  electron  concentra¬ 
tions,  and  minor  neutral  species,  and  an  incomplete  knowledge  of  important 
reactions.  These  deficiencies  are  especially  severe  with  regard 
to  the  lower  D-region  although  in  no  region  are  the  excited- state 
populations  well  known.  Laboratory  data  and  models  utilizing  or 
based  upon  laboratory  data  must,  therefore,  be  t.  jted  against  atmo¬ 
spheric  data  at  every  opportunity  to  ensure  their  relevance.  For 
this  purpose,  atmospheric  measurement  techniques  must  be  developed 
and  refined  to  provide  the  necessary  data.. 

Historically,  it  has  been  the  atmospheric  measurements  (mainly 
by  radio  propagation  techniques)  that  have  inspired  theoretical  de¬ 
velopment  and  laboratory  experiments.  Early  in  the  development 
of  radio  propagation  theory,  it  was  recognized  that  the  ionosphere 
was  sluggish  in  its  response  to  ionizing  radiation.  There  is  a  delay 
in  the  recovery  of  the  ionosphere  after  a  solar  flare,  an  eclipse  of 
the  sun,  and  after  the  noontime  peak  in  solar  radiation  intensity. 

This  delay  in  recovery  is  associated  with  the  recombination  of  (.ms 
and  electrons  or  with  the  attachment  of  electrons  to  neutral  species. 
Appleton  (Reference  9-1)  measured  the  recovery  time  T  and  related 
it  to  the  effective  recombination  coefficient  Oreff  and  to  the  electron 
density  N: 

r  =  l/2aeffN  . 
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Consideration  of  the  ionospheric  recovery  problem  led  to  early  es¬ 
timates  of  the  constituents  of  the  ionosphere,  the  ionizing  radiations 
and  reactions,  and  reaction  rates  (e.  g.,  Reference  9-2), 

The  term  "effective  recombination  coefficient",  and  the  more  gene¬ 
ral  term  "effective  rate  coefficient",  both  denote  a  direct  in  situ 
measurement  made  in  a  particular  environment.  An  effective  coef¬ 
ficient  cannot  be  considered  as  a  constant  of  nature  but  must  in  gene¬ 
ral  be  expected  to  vary  as  the  environment  changes. 

The  accuracy  with  which  reaction  rate  coefficient  measurements 
can  be  made  using  geophysical  phenomena  involves  two  major  con¬ 
siderations:  (1)  the  precision  with  which  the  reactants  and  reaction 
products  are  measured;  and  (2)  the  extent  to  which  important  influ¬ 
encing  factors  are  known.  The  latter  point  has  often  been  crucial  in 
cases  where  effective  rates  measured  in  geophysical  phenomena 
have  differed  by  orders  of  magnitude  from  theoretical  and  laboratory 
results. 

9.2  TYPES  OF  ATMOSPHERIC  MEASUREMENTS 

The  various  types  of  measurements  made  are  summarized  ingene¬ 
ral  in  Table  9-1.  A  discussion  of  measurements  in  auroras  and 
methods  for  handling  energy  deposition  are  given  in  References  9-3 
to  9-5.  Detailed  discussions  of  many  instruments  and  the  problems 
encountered  in  their  use  can  be  found  in  Reference  9-6.  Descriptions 
are  given  below  of  some  special  type  of  measurements. 

9,2.1  Spectral  Emission  Rates 

Emission  rates  for  spectral  emissionfeatures  inaurora  are  gene¬ 
rally  expressed  as  fluorescence  efficiencies.  These  efficiencies 
are  used  in  accounting  for  energy  loss  from  the  atmosphere.  Ap¬ 
parent  fluorescence  efficiency  is  the  observed  rate  of  energy  emis¬ 
sion  in  a  spectral  feature  from  a  given  volume  divided  by  the  total 
observed  rate  of  deposition  of  energy  by  energetic  particles  in  the 
volume.  The  word  "apparent"  means  that  there  may  be  uncertainties: 
the  radiation  observed  at  a  distance,  because  of  radiation  trapping 
and  absorption  effects,  may  not  be  a  good  measure  of  the  radiation 
emitted  in  the  energy  deposition  region.  Also  the  energetic  particle 
energy  deposition  measured  simultaneously  with  the  emissions  may 
not  represent  the  true  energy  source  of  the  emissions  in  the  cases 
of  (1)  long-li''ed  metastable  states,  (2)  chemiluminescent  reaction 
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Table  9-1.  Types  of  atmospheric  measurements. 


Measurement 

Plotforms 

Techniques 

Atmospheric  Event* 

Electron  density 

Sote  Hite 

Rocket 

Ground 

Electricol  probes 

Rodio  propagation 
lonosonde 

Aurora 

Solar  proton 
Eclipse 

Nuclear 

Sunrise 

Sunset 

Ion  densities  and 
composition 

Sotellite 

Rocket 

Moss  spectrometer 
Electrical  probes 

Aurora 

Solar  proton 
Eclipse 

Natural  species 

Rocket 

Ground 

Moss  spectrometer 
Spectroscopic 

Rodio  propagation 

Sate  II  ite 

Rocket 

Ground 

Reflection 

Transmission 
Differential  Doppler 
Differential  Foradoy 
rotation 

Aurora 

Sol  or  proton 
Eclipse 

SID 

Porticle  precipi¬ 
tation  (e,  protons, 
H,  He+,  He) 

Sote  II  >te 
Rocket 

Counters 

Aurora 

Solor  proton 

Spectral  emission 
rates 

r  ,  |  l  •  . 

jarei  lire 

Rocket 

Ground 

Spectroscopic 

Aurora 

Solor  proton 
Eclipse 

Nuclear 

Sunrise 

Sunset 

Nightglaw 

Dayglow 

Twilight 

'All  measurements  ore  oiso  mode  in  the  normol  ionosphere. 
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chains  with  appreciable  delays  in  reaction,  and  (3)  low-energy  red 
and  infrared  radiation  energy  sources  which  may  be  electric  fields 
and  auroral  electrojet  currents  which  at  present  are  not  directly 
relatable  to  energetic  particles. 

Fluorescence  efficiencies  in  auroras  can  be  measured  best  by 
combining  vertical  (along  magnetic  field  lines  from  below  or  from 
above)  photometer  measurements  from  ground,  rocket,  or  satellite 
platforms  with  measurements  of  the  flux  and  energy  and  angular 
distributions  of  the  precipitating  particles  from  rockets  or  satellites. 
Measurements  of  the  first  negative  bands  of  N;?  at  3914  and  4?78  A 
have  been  used  extensively  as  an  indicator  of  ion  production  rate 
and  energy  deposition  for  electrons  having  energies  above  19  eV. 
Some  experimenters  prefer  the  use  of  the  ^{0,  0)  second  positive 
band  at  3371  A  (11  eV  threshold)  for  total  energy  deposit  measure¬ 
ments  from  jet  aircraft  or  higher  altitude  observing  platforms 
(Reference  9-7).  The  choice  between  these  radiations  depends 
on  ruch  factors  as  atmospheric  extinction  as  well  as  detector 
and  filter  technology.  Some  of  the  instruments  and  experimental 
techniques  used  in  fluorescence  efficiency  measurements  are 
described  by  Johnson  et  al  for  satellites  (Reference  9-8),  TJlwick 
for  rockets  (Reference  9-9).  Eather  and  Mende  for  aircraft  (Refer¬ 
ence  9-10),  and  Belon  et  al  for  ground  observations  (Preference 
9-H). 


Local  fluorescence  efiiciency  measurements  as  a  function  of 
altitude  have  been  measured  in  stable  auroras  with  rocket- borne  omni¬ 
directional  particle  detectors  along  with  magnetic  zenith  and/or  nadir 
pointing  photometers.  Ground  photographs  and  scanning  photo¬ 
meters  with  filters  are  needed  (but  have  been  used  in  only  a  few  ex¬ 
periments)  to  assure  Homogeneity  over  the  rocket  photometer  field 
of  view  and  the  time  stability  of  the  precipitation  so  that  altitude 
derivatives  of  the  particle  and  luminescence  can  be  evaluated.  Ratios 
of  different  radiations  and  vertical  profiles  are  neeaed  to  assess  the 
energy  spectra  of  the  incident  particles.  Measurements  whicli  have 
been  made  with  side-looking  photometers  have  not  been  useful  in  de¬ 
termining  fluo rescence  efficiencies  unless  good  three-dimensional  models 
of  the  source  luminosity  have  been  constructed  and  used  in  analysis. 

Once  a  value  has  been  obtained  for  the  fluorescence  efficiency 
for  electrons  of  keV  energies  producing  3914  A  radiation.  T)(3914), 
ratio  measurements  of  other  radiation  intensities  such  as  I(S577), 
and  corresponding  rrmasur ement  of  1(3914)  made  in  the  magnetic 
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zenith  or  nadir  will  provide  apparent  fluorescent  efficiencies  for  the 
othei  radiations  through  the  relation 


T7(5  577)  =  TJ(  3914) 


3914  1(5577) 
5577  1(3914) 


Hunten  (Reference  9-12)  has  described  the  techniques  used  in 
twilight  airglow  measurements. 


9,2.2  Large  Scale  Coordinated  Measurements 

In  measurements  made  in  situ  on  large-scale  geophysical  events, 
coordinated  measurements  of  several  different  types  have  been  made 
simultaneously  and  from  widely  separated  locations.  Stormer  (Refer¬ 
ence  9-13)  first  studied  the  geometry  and  morphology  of  auroral 
arcs.  Akasofu  et  al  (Reference  9-14)  describe  how  Elvey  and  his 
coworkers  in  Alaska  used  all-sky  cameras,  seaming  photometers, 
■patrol  spectrographs,  riometers,  ionosondes,  and  visual  observers 
during  the  International  Geophysical  Year  (IGY)  1957-58  to  study 
auroral  morphology  and  emission  rates.  With  the  advent  of  rocket 
and  polar-orbiting- satellite  instrument  platforms,  auroras  offered 
a  means  of  studying  effective  recombination  coefficients  and  fluores¬ 
cence  efficiencies  in  the  upper  atmosphere  — In  conditions  not  avail¬ 
able  to  the  laboratory.  A  coordinated  input-output  experiment  (Refer¬ 
ences  9-15,  9-16)  to  be  described  briefly  in  paragraph  9.  2.  2.  2  shows 
the  complex  interplay  of  factors  needed  to  get  effective  recombina¬ 
tion  coefficients  and  fluorescence  efficiencies  from  measurements 
in  the  upper  atmosphere. 


9.  2.  2.  1  COORDINATED  MEASUREMENTS 
IN  ECLIPSES 

Measurements  with  satellites,  rockets,  aircraft,  and  ground-based 
instrumentation  were  made  during  the  20  July  1963  eclipse  over 
Canada,  the  30  May  1965  eclipse  in  New  Zealand,  the  20  May  1966 
eclipse  in  Greece,  and  the  7  March  1970  eclipse  over  the  eastern 
part  of  the  United  States.  Papers  describing  the  early  results  from 
the  7  March  1970  eclipse  have  been  collected  in  a  single  ssue  of 
Nature  (Reference  9-17). 

During  the  total  eclipse  over  Brazil  12  November  1966  an  ex¬ 
tensive  and  carefully  coordinated  set  of  rocket,  aircraft,  and  ground- 
based  measurements  were  made.  Instrumented  rockets  were  launched 
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at  short  intervals  to  obtain  electron  concentrations  and  temperatures, 
and  ion  compositions  and  temperatures,  as  functions  of  altitude  and 
time  during  the  course  of  the  eclipse.  The  intensities  of  the  solar 
X-ray  and  UV  ionising  fluxes  were  measured  as  a  function  of  time 
through  the  eclipse — as  well  as  the  residual  fluxes  and  the  resulting 
ion  production  rates  from  the  ur.eclipsed  corona  at  totality.  The 
time  history  of  the  ionospheric  and  solar  parameters  under  ambient 
conditions  were  measured  by  several  rocket  and  ground-based  in¬ 
struments  during  the  days  just  before  the  eclipse.  For  papers  re¬ 
lating  to  these  measurements,  see  Bomke  et  al  (Reference  9-18), 
Narcisi  et  al  (Reference  9-19),  and  Mechtly  and  Seino  (Reference 
9-20). 


9.  2.  2.  2  COORDINATED  MEASUREMENTS 
IN  AURORAS 

In  a  coordinated  experiment  on  auroras  (see  Meyerolt  and  Evans 
(References  9-15,  9-21),  Evans  (Reference  9-16),  and  Johnson 
et  al  (Reference  9-8))  measurements  were  made  of  electron-ion 
recombination  coefficients  as  a  function  of  altitude  as  well  as  UV 
and  visible  fluorescence  efficiencies  for  electrons  and  protons  of  a 
few  keV  energy. 

The  auroral  experiment  documented  the  incident  L  ‘rticles,  lumi¬ 
nosities,  and  electron  densities  in  and  near  well-behaved  homogene¬ 
ous  auroras.  The  time  histories  of  other  environment- influencing 
factors  were  also  measured.  Figure  9-1  shows  a  typical  arrange¬ 
ment  and  approximate  distances  involved  in  the  combined  polar- 
orbiting  satellite,  instrumented  aircraft,  andground-stationprogram. 
The  following  minimum  set  of  measurements  for  electron  auroras 
whs 

1.  Electron  energy  spectra  and  angular  distribution 
for  computation  of  vertical  profiles  of  ion  produc¬ 
tion  rates. 

2.  Proton  energy  deposition  required  to  assess  proton 
contamination. 

J.  Absolute  intensity  and  vertical  distribution  of 

selected  luminosities  to  give  a  direct  measurement 
of  ion  production  rates. 
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EARTH  FIELD  LINES 


Figure  9-1.  Schematic  diagram  of  coordinated  experiment. 
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4.  Homogeneity  evaluations  by  photographic  measurements 
from  ground  or  aircraft. 

5.  Radio  phase  and  attenuation  measurements  of  integrated 
electron  density  between  the  satellite  and  ground-  or 
aircraft-based  receivers. 

6.  Luminosity  distribution  time-history  measurements 
for  estimation  of  the  ambient  atmospheric  conditions 
where  the  auroral  energ/  deposit  was  taking  place 
and  of  the  steadiness  of  the  particle  precipitation 
during  the  observation  period. 

9.  2.  2.  3  COORDINATED  MEASUREMENTS  IN  PCA 
EVENTS  (SOLAR  PROTON  EVENTS) 

Solar  proton  (PCA)  events  occur  when  the  high-energy  protons 
from  a  solar  disturbance  are  emitted  in  such  a  direction  that  they 
strike  the  earth's  atmosphere.  The  protons  have  sufficient  energy 
to  deposit  much  of  their  energy  in  the  50  to  90  km  altitude  region. 
This  occurs  only  near  the  polar  cap  where  the  protons  can  penetrate 
the  earth's  magnetic  field.  A  review  of  measurements  made  since 
the  discovery  and  definition  of  PCA  events  is  given  by  Bailev  (Ref¬ 
erence  9-22).  More  recently  a  coordinated  rocket,  satellite,  air¬ 
craft,  and  ground  measurement  program  sponsored  by  DASA  and 
AFCRL,  PCA  69,  was  designed  to  study  the  physical  chemistry  of 
the  ionospheric  D-region  during  a  solar  proton  event.  During  the 
event  of  2-4  November  1969  a  total  of  36  rockets  were  launched  at  F ort 
Churchill,  Canada,  with  empha,sis  on  night -to-day  var iations  and  on 
the  sunrise  and  sunset  transLion  periods.  Electron  and  proton  flux 
measurements  were  made  on  several  satellites.  Ground  measure¬ 
ments  were  made  with  riometor.  magnetometer,  lonosonde,  and 
partial  reflection  techniques.  Optical  measurements  were  made 
from  aircraft.  Rocket  instruments  included  particle  detectors,  op¬ 
tical  photometers,  ion  mass  spectrometers,  ion  probes,  and  elec¬ 
tron  density  probes.  Rocket  measurements  were  also  made  of 
neutral  density  and  the  temperatures  of  neutrals,  ions,  and  electrons. 

9.3  DETERMINATIONS  OF  EFFECTIVE  RECOMBINATION 
COEFFICIENTS  IN  THE  D,  E,  AND  F  REGIONS 

9.3.1  General 

In  the  lower  ionosphere,  where  diffusion  and  magnetic  effects  are 
negligible,  the  electron  arid  ion  balance  can  be  described  bv  the  fol- 
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lowing  lumped-parameter  equations: 

“  =  q  -  «dNN+  -  j3Nm  +  y  N"n  +  pN" 

(9-1) 

=  -OtiN'N’*"  +  JJNm  -  VN’n  -  pN” 
at  1 

(9-2) 

N+  ■-  N  +  N"  , 

(9-3) 

where  N  is  the  electron  concentration,  NT  the  positive-ion  concen¬ 
tration,  N"  the  negative-ion  concentration,  m  represents  the  con¬ 
centration  of  attaching  neutral  species,  n  represents  the  concentra¬ 
tion  of  detaching  neutral  species,  q  the  electron  production,  aD  the 
ion-electron  recombination  coefficient,  0^  the  ion- ion  neutralization 
coefficient,  (3  the  electron  attachment  coefficient,  y  the  negative- 
ion  chemical  and  collisional  detachment  coefficient,  and  p  the  nega¬ 
tive-ion  photcdetacnmenl  rate. 

A  r.  :u3tiv  »-ion- to- electron  concentration  ratio: 

X  =  N-/N  ,  (9-4) 


is  often  used  to  write  Equations  (9- 1)  to  (9-3)  in  the  following  form  (Ref¬ 
erences  9-23,  9-24): 


dN 

dt 


rh-K  +  Aai)N2 


N  dX 
(1  +  X)  dt 


(9-5) 


The  equation  obeyed  by  X  is  (Reference  9-25): 


3 


(1+X)  dt 


d>  A 
-  —  -  pm  - 


q 

N(  ]  +  X)J  ' 


(9-6) 


The  negative-ion-to-electron  ratio,  X,  is  a  very  slowly  varying 
function  of  time;  thus  Equation (9- 5) can  be  written: 


dN 

dt 


+ 

(i+x)  ro 


(9-7) 
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and  Equation  (9-6)  can  be  rewritten: 

X  a  -Jm-  . 

p  +  yn 


(9-8) 


Under  some  conditions  if  X  is  large,  e.  g.,  in  the  lower  D-region.the 
approximate  Equation (9- 7)  may  be  inappropriate  and  Equation  (9- 5) 
should  be  used. 


During  quiescent  conditions,  dN/dt  —  0  and  dN"/dt  —  0  over  much 
of  the  sunlit  hemisphere  and: 


q  (1  +  X)  +  Xdbj 


N 


=  a  ,,N 
eff 


(9-9) 


Note  that  Oreff  is  a  complex  quantity  related  to  a  specific  recom¬ 
bination  coefficient  only  under  rather  restricted  conditions,  since  in 
general  it  depends  on  electron-ion  and  ion- ion  recombination,  attach¬ 
ment  and  photodetachment  rates,  and  the  neutral  species  concentra¬ 
tions. 


If,  as  is  ofien  the  case,  X  «  1  in  the  region  of  interest,  a?eff 
can  be  considered  to  be  the  effective  dissociative  recombination 
coefficient,  weighted  over  all  ion  species  (both  ground  and  excited 
states)  in  the  region. 

Two  general  approaches  have  been  used  to  measure  the  effective 
recombination  coefficient.  The  most  common,  because  of  a  rela¬ 
tive  abundance  of  data,  is  based  on  the  observation  of  the  effect  of 
a  well-defined  change  in  the  electron  content  of  the  ionosphere.  For 
example,  the  change  in  solar  radiation  production  function  q  during 
an  eclipse  causes  a  change  in  electron  density  N  at  a  rate  dN/dt 
controlled  by  ag££.  The  change  can  be  observed  by  a  variety  of 
ground-based  radio  propagation  techniques.  Other  examples  include 
the  change  observed  around  local  noon,  the  change  caused  by  the 
pulse  of  ionizing  radiation  produced  by  solar  flares,  and  the  radia¬ 
tion  pulse  produced  b’,  high- altitude  nuclear  bursts.  The  original 
papers  in  which  these  techniques  appear  are  cited  in  Section  9.  3.  2. 

The  second,  and  potentially  most  reliable,  approach  is  to  measure 
electron  density,  radiation  flux,  and  atmospheric  species  di¬ 
rectly  and  simultaneously.  Such  measurements  have  been  attempted 
for  eclipse.  PCA,  auroral,  nuclear  test,  and  quiescent  solar  condi- 
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tions.  A  number  of  difficulties  have  plagued  these  attempts  and  the 
data,  though  interesting,  cannot  yet  be  considered  definitive.  Hew  - 
ever,  future  refinements  of  this  approach  should  yield  not  only  the 
effective  recombination  coefficient  but  also  information  regarding 
individual  reaction  rates,  including  those  that  involve  excited  states 


There  is  abundant  evidence  that  the  dissociative  recombination 
coefficients  of  diatomic  and  some  triatomic  molecular  ions  (e.g.. 


°2+- 


N- 


+  + 

NO  ,  CO2  )  are  of  approximately  the  same  magnitude 


(Reference  9-26).  If  the  positive  ions  present  at  D-layer  alti¬ 
tudes  were  predominantly  these  species,  one  cculd  use  an 
in  Equation(9- 1)  which  depended  little  on  ion  identity.  However, 
Narcisi  and  Bailey  (Reference  9-27)  have  shown  that  the  principal 
species  below  about  85  km  altitude  are  H30+  and  its  hydrates.  Fur¬ 
thermore  Biondi  (Reference  9-28)  has  shown  that  Oij-j  for  the  hydrates 
of  H3O'  increases  as  cluster  size  increases  (by  about  1.  5  x  lf)_b 
cm^  sec"l  for  the  first  two  water  molecules  added).  Their  chemistry 
of  formation  and  loss  is  such  that  under  quiescent  conditions 
where  ion  lifetime  is  very  long,  the  average  cluster  size  is  expected 
to  be  large.  On  the  other  hand,  when  the  ion  number  density  is 
large  (e.g.,  during  PCA  events),  the  mean  cluster  size  is  smaller. 
Hence  the  effective  dissociative  recombination  coefficient  is  a  func¬ 
tion  of  ionization  rate  and  of  other  variables,  and  one  must  be  very 
careful  in  interpreting  and  applying  this  parameter  at  altitudes 
below  85  km. 


For  the  upper  part  of  the  E-region  and  the  F-region  where  a  sig¬ 
nificant  number  of  atomic  ions  are  present,  a  simple  expression  for 
the  effective  recombination  coefficient  under  quas i- equilibrium  con¬ 
ditions  with  no  diffusion  becomes: 


where  Ot  p  Is  the  electron-ion  dissociative  recombination  coefticient 
of  molecular  ion  i,  CK_  is  the  radiative  recombination  coefficient  for 

4*  .  r  .  _L 

atomic  ions,  N^i  is  the  dens ity  of  a  molecular  ion  and  NTa  is  the 
density  of  atomic  ions. 

It  is  well  known  from  mas s-spectr ometric  measurements  (e.g., 
Reference  9-29)  that  the  dominant  ionic  species  present  in  the 
upper  ioiosphere  is  0+  ,  The  mechanism  of  recombination  of 
0+  with  electrons  is  necessarily  radiative  and  is  thus  very  slow 
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(ar  «*  10"  12  cm^  sec*^),  A  more  rapid  means  of  electron  removal 
is  offered  by  the  chain  of  processes: 


and: 


0+  +  N2  -  NO+  +  N  , 


o+  +  02  -  o2+  +  o  , 


(9-11) 


(9-12) 


/oil owed  by: 


NO  +  e  -  N  +  O  , 


(9-13) 


and; 


O  +  e  -  C  +  O  . 


(9-14) 


The  rate  constants  for  reactions  (9-  1 1)  and(9-12)  have  been  computed 
from  ionospheric  observations  (see  Section  9.4.1),  and  also 
measured  in  the  laboratory  (References  9-30,  9-31).  Ail  such 
evidence  indicates  that  the  rate  constants  are,  respectively,  about 
2  to  4  x  1 0  cm^  sec"^  and  2  to  4  x  10"^  cm^  sec’^,  which  yields 
a  rate  ai  300  km  of  ~10"^  to  10~4  sec-1.  According  to  most  current 
models  cf  the  upper  atmosphere,  reaction (9- 1 1)  is  the  more  impor¬ 
tant.  This  is  thought  to  be  much  slower  than  the  rate  of  removal  of 
electrons  by  processes  (9-13)  and {9-  14);  hence  reactions  (9-1 1)  and (9 -12) 
which  control  the  rate  of  formation  of  NO+  and  0^+  also  control  the 
rate  of  electron  removal.  This  assumption  is  probably  valid  if  <*£)> 
10"®  cm"J  for  NO'  and  which  seems  to  be  the  case  (see  the 

temperature  dependence  suggested  by  Weller  and  Biondi,  and  by 
Cunton  and  Shaw  (References  9-32.  9-33)).  Tt  has,  however,  been 
questioned  by  various  investigators,  most  r  ecently  by  Awajobi  (Refer¬ 
ence  9-34)  who  based  his  objections  on  various  anomalies  in  the 
time  development  of  the  F2  region.  The  recombination  term  which 
appears  in  the  continuity  equation  is  a  linear  one  because  the  recom¬ 
bination  rate  is  independent  of  the  concentration  of  charged  part,  oles: 


B=k.iW  +  k12N 


(9-15) 


In  addition  to  electron  removal,  one  must  include  a  diffusion  term 
in  the  continuity  equation.  Hence,  assuming  that  0+  is  the  only  ionic 
species  present  and  neglecting  electrodynamic  drifts,  one  can  write 
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for  the  continuity  equation  (except  nea;  equatorial  latitudes): 


dN 

at’ 


q  - 


BN  +  Da 


?ZN  ^ 

.  „2  2H  oZ 
o/- 


(9-161 


.  “f"  * 

Here  N  is  the  O  (and  electron)  concentration,  Da  is  the  ambipolar 

diffusion  coefficient  for  the  ions  and  electrons,  H  is  the  scale  height 
of  atomic  oxygen,  and  1  is  the  geomagnetic  dip  angle.  The  solution 
of  Equation (9- 1 6) is  discussed,  fcr  example,  by  Yonezawa  in  Refer¬ 
ence  9-35,  Because  of  diffusion,  the  electron  number  density  dis¬ 
plays  a  maximum,  the  well-known  F2  peak,  at  the  altitude  where 
BH  Da  =  1  (Reference  9-36).  This  relationship  offers  a  way  of  es¬ 
timating  B  if  the  diffusion  coefficient,  the  scale  height,  and  the  num¬ 
ber  densities  of  NT2  and  O  at  the  peak  are  known.  Da  is  known  quite 
well  (Reference  9-37),  but  the  other  parameters  can  be  obtained  only 
from  rocket-borne  mass- specirometr ic  measurements. 


It  would  seem  to  be  possible  to  compute  B  from  observations  of 
the  decay  of  the  F2  region  at  sun^-jt  and  during  eclipses.  However, 
the  source  term  q  does  not  abruptly  vanish  at  any  time  during  such 
phenomena.  Also,  the  effects  of  electrodynamic  drifts  cannot  be 
neglected  at  these  times.  Nisbet  and  Quinn  (Reference  9-38)  have 
attempted  to  measure  B  by  observing  the  decay  of  the  cdectron  pro¬ 
file  along  a  tube  of  geomagnetic  field  lines  during  the  night  but  there 
were  several  limitations  to  their  work. 


The  rate  of  reaction (9 - 1 1)  is  much  larger  if  is  vibrationally 
excited  (Reference  9-39).  Such  excitation  is  present  in  the  quiescent 
atmosphere  and  can,  for  example,  be  increased  by  X-rays  from  a 
high-altitude  nuclear  burst.  The  few  observations  of  the  electron 
density  maae  after  the  oiarlish  shot  ot  19b2  suggest  that  the  elec¬ 
tron  number  density  in  the  F2  region  may  indeed  be  substantially 
reduced  by  this  mechanism  (Reference  9-40), 


9.3.2  Effective  Recombination 
Coefficient  Data 

An  extensive  sear  ch  of  the  literature  of  thepast  ten  years  is  sum¬ 
marized  in  Figure  9-2,  The  data  were  obtained  from  References 
9-1,  9-9,  9-21,  and  9-41  to  9-72,  Some  of  the  values  cited  in  the 
references  were  corrected  by  the  present  authors  when  this  was 
known  to  be  necessary. 
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EFFECTIVE  RECOMBINATION  COEFFICIENT  (cm3  sec"1) 


Figure  9*2.  Effective  recombination  rate  coefficients  measured  in  the 
upper  atmosphere.  Wide  avals  indicate  a  range  af  values 
faro'pff  and  far  altitude.  Narrow  avals  or  bars  indicate 
an  altitude  range .  E -region  values  are  platred  at  110km. 

(xx)ar  Q-xx  represents  a  typical  value  from  Reference 9 -xx . 
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In  Figure  9-2  curves  of  ®eff  calculated  from  Equation (9- 9)  ar e 
presented  for  reference.  Curves  a,  b,  and  c  are  based  on  an  illus¬ 
trative  X  profile  (calculated  according  to  Equation  9-8),  an  assump¬ 
tion  that  Qfp)  is  3  x  10"?  crrj3  sec'*,  and  that  =  10'®,  10"  7,  and 
3  x  10-7  cm®  sec'*,  respectively.  In  spite  of  the  many  assumptions 
and  errors  inherent  in  these  determinations,  the  values  agree  to  within 
an  order  of  magnitude.  The  "equal  O'"  curve  agrees  best  with  the 
experimental  data. 

9.3.3  Radiative  Recombination 

The  rate  coefficients  for  reactions  of  this  type  are  so  low  that 
laboratory  measurement  is  very  difficult.  It  may  well  be  that  analy¬ 
sis  of  ionospheric  observations  is  a  much  better  way  of  determining 
such  coefficients. 

Hicks  and  Chubb  (Reference  9-73)  have  reported  the  night¬ 
time  observation  of  two  longitudinal  arcs  of  weak  UV  radiation  that 
are  rather  symmetrically  located  about  the  magnetic  dip  equator. 

The  radiation  was  identified  by  Barth  and  Schaffner  (Reference  9-71) 
as  the  1356  and  1340A  radiation  of  OI.  Hanson  (Reference  9-75) 
suggested  that  such  radiation  would  result  naturally  from  radiative 
recombination  below  500  km  in  the  F-region  of  O'  and  electrons 
with  enhancement  at  the  Appleton  anomaly  peaks  where  the  observed 
intensity  of  the  radiation  is  greatest.  Knudsen  (Reference  9-76) 
suggested  that  the  neutralization  of  O'  by  0+  with  a  rate  of  about 
10-7  cm®  sec'*  may  provide  the  necessary  excitation,  but  Hanson 
(Reference  9-77)  notes  that  the  associative  detachment  reaction 
O'  +  O  -  O2  +  e,  whose  rate  is  given  as  1.  4x  10'*®  cm®  sec"  *  by 
Fehsenfeld  et  al  (Reference  9-78),  limits  the  amount  of  O  .  Hanson 
(Reference  9-77)  shows  that  the  observations  are  probably  accounted 
for  largely  by  radiative  recombination  of  0+  with  a  rate  of  about 
5x  10'*®cmJsec'1.  Tinsley  (Reference  9-79)  observed  the  436SA  Ol 
line  whose  lower  state  leads  to  1304A  OI  emission  and  deduces  a 

1  7  J  1 

radiative  recombination  coefficient  of  about  5x10'  cm  sec"  from 
one  observation  and  about  4x10"*'“*  cm®  sec'*  from  another. 

9.4  MEASUREMENTS  AND  RESULTS  FOR 
OTHER  PARAMETERS 

9.4.1  Ion-Neutral  Reaction  Rate  Coefficients 

Equations  (9- 1)  to  (9-3)  are,  of  course,  simplified;  they  assum>*  tnat 
the  ionosphere  acts  as  if  there  are  only  two  ionic  species— one  posi- 
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tive  and  one  negative.  In  reality,  several  atomic  and  molecular  ions 
are  present  and  therefore  several  charged  rearrangement  processes 
occur  simultaneously  with  the  recombination,  attachment,  and  de¬ 
tachment  processes.  Then  Equations  (9- 1)  and  (9- 2)  may  be  written: 


Eq.  -  E.aDN+N  -  E./9.m.N  -  E.y.NTn.  +  E.p. NT 

dt  i  ill  ill  1111  ill 


(9-16) 


dN. 


— i  =  -r.al.NtNT  -  E.A.NTn.  +  E.  _N"n, 

dt  ij  ij  i  j  ij  ij  i  j  ki  k£  k  l 


+  E.jS.m.N  -  E.r.NTn.  -  E.p.NT  ,  (9-17) 

ill  iiii  ill 

where  is  the  ion-elecuon  recombination  coefficient,  a*  is  the 
ion- ion  recombination  coefficient,  i  is  the  charged  rearrangement 
rate  constant  for  negative  ions,  and  the  subscripts  denote  the  species. 
Similar  equations  can  be  written  for  the  positive  species. 

If  several  ion  concentrations,  electron  concentrations,  and  radia¬ 
tion  fluxes  are  measured  simultaneously  at  several  altitudes  then 
equations  like  (9- 16)  and  (9-  17)  can  be  solved  for  the  reaction  rates  of 
the  charged  rearrangement  reactions,  as  listed  in  Table  9-2  (Refer¬ 
ences  9-43,  9-44,  9-56,  9-80). 

Measurements  yielding  the  rates  of  some  individual  ion-neutral 
reactions  ar e  des  cribed  in  Table  9-3  and  in  the  accompanying  comments. 

9.4.2  Rote  Coefficients  for  Ion-Ion  Neutralization, 

Neutral -Neutral  Reactions,  and  Electron 
Attachment 

Values  of  the  ion-ion  neutralization  coefficient  may  be  derived 
from  analyses  of  measurements  of  ion  densities  and  of  particle  fluxes 
from  which  ion  production  rates  may  be  computed.  For  D-region 
altitudes  where  the  electron  density  is  significant,  measurements  of 
N  should  also  be  made  simultaneously  and  in  the  analysis  a  value  of 
the  electron-ion  recombination  rate  must  be  assumed.  For  altitudes 
below  60  km  where  the  electron  density  is  small  or  negligible,  analy¬ 
sis  of  the  observations  is  straightforward.  (See  Table  9-4.  ) 
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Table  9-2.  Ian-neutral  reaction  rate  coefficients  derived  from 
analysis  af  Ian  composition  measurements. 
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Rate  Coefficients  (cm 

-K 
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+  o,  -  ot  +  o 

2  z 
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+  N?  -  NO+  +  NO 
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+  02  -  NO+  +  NO 

4  x  H.-'4 
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9.4.3  Collision  Frequency 

The  determination  of  collision  frequency  from  the  results  of  radio 
propagation  experiments  has  been  attempted  by  several  investi¬ 
gators.  The  summary  is  principally  from  Belrose  and  Hewitt  (Refer¬ 
ence  9-95)  with  the  addition  of  other  results.  The  dataare  shown 
in  Figure  9-3. 


COLLISION  FREQUENCY  (sec'1) 
Figure  9-3.  Collision  frequency  measurements. 
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9.4.4  Airglow  Emission  Rates 

The  emission  rates  for  known  emissions  in  airglow  (day,  twilight, 
and  night)  have  been  summarized  by  Hunten  (Reference  9-101) 
and  are  presented  in  Table  9-5.  These  rates  are  expressed  in 
3  ways:  (1)  as  intensities  in  rayleighs  (symbol  R);  (2)  as  g-factors 
which  represent  the  rate  of  resonance  scattering  of  unattenuated  sun¬ 
light  by  a  single  atom  or  molecule;  and  (3)  by  a  factor  which  represents 
the  rate  of  fluorescent  radiation  from  a  single  atom  or  molecule  in 
unattenuated  sunlight.  The  quenching  height  h^  is  the  emission 
altitude  at  which  quenching  equals  radiative  decay.  See  also,  for  ex¬ 
ample,  References  9-12  and  9-102. 

9.4.5  Fluorescence  Efficiencies  in  Auroras 

Many  measurements  onauroras  have  led  to  fluorescence  efficiency 
values  for  a  large  number  of  spectral  emissions.  An  extensive 
search  of  the  published  literature  up  to  1  October  1970  was  made  for 
measurements  or  combinations  of  measurements  that  could  be  inter¬ 
preted  interms  of  fluorescence  efficiencies.  (See  Table  9- 6.  )  Measure¬ 
ments  of  the  intensity  ratios  of  two  radiations,  in  which  the  fluores¬ 
cence  efficiency  of  one  of  the  radiations  is  known,  have  been  very 
useful  in  providing  many  indirectly  determined  values.  Since  the  N-> 
first  negative  radiations  (3914,  4278,  and  4709  A  bands)  are  used  most 
for  the  indirect  values,  fluorescence  efficiencies  derived  from  care¬ 
ful  and  extensive  laboratory  measurements  for  these  radiations  a.re 
included  in  Table  9-6. 


9.4.6  Quenching  Coefficients 

For  thi  s  class  of  reaction  rate  coefficients,  we  have  included  iono- 


iTicnto  of  s  om c  i n »p crtc. nt 


X  r-  +  I  r 


have  made  use  of  tlie  excellent  review  by  Zipf  (Reference  9-118).  The 
results  are  summarized  in  Table  9-7. 


9.4.7  Measurements  Suggesting  New  Processes 

Some  ionospheric  experiments  after  analysis  do  not  yield  reac¬ 
tion  rate  coefficients  for  specific  processes  or  reactions  but  do  sug¬ 
gest  the  existence  of  r.«w  processes  cr  indicate  the  probable  impor¬ 
tance  of  processes  already  known.  On  the  other  hand  in  some  cases 
the  results  indicate  that  a  known  process  is  not  important.  Several 
experiments  leading  to  conclusions  of  this  nature  are  described 
be!  ow. 
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Table  9-5.  Known  airglow  emissions  for  the  earth.  As  explained  in  Reference 
9-101  production  processes  are:  R  ,  resonance  scattering;  F  ,  fluar 
escence;  C  ,  chemical  association;  1  ,  ionic  rer-tions;  e  ,  phata- 
electrons;  T,  excitotion  tronsfer.  Production  rate  factors  are  g 
ond  d ;  is  the  quenching  height. 
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9.  4.  7.  1  ASSOCIATIVE  DETACHMENT 

This  process  has  been  considered  as  important  in  the  D-region 
for  explaining  the  temporal  behavior  of  PCA  events  (Whitten  and 
Poppoff,  Reference  9-131;  Reid,  Reference  9-132).  The  laboratory 
measurements  of  E'ehsenfeld  et  al  (Reference  9 - 1 33)  revealed  that 
some  chemical  detachment  reactions  of  atmospheric  interest  have 
high  reaction  rates  ss  1  x  10"*®  cm^  sec'*,  including  +  O  -  03  +  e 
which  is  likely  to  be  important  in  maintaining  high  electron  densities 
where  atomic  oxygen  is  abundant. 

Reid  (Reference  9- 1 34)  has  presented  indirect  observational 
verification  of  the  importance  of  atomic  oxygen  based  ona  comparison 
of  solar  proton  fluxes  measured  by  a  polar-orbiting  satellite  and  a 
cosmic-noise  absorption  measurement  carried  out  by  high-latitude 
riometers  during  the  PCA  event  of  September  1966.  PCA  events 
show  a  diurnal  variation  in  absorption;  that  at  night  is  several  times 
less  than  the  daytime  value.  If  chemical  detachment  dominates  photo- 
detachment  during  the  daytime,  the  sunset  decrease  in  electron  den¬ 
sity  is  likely  to  be  due  mainly  to  the  disappearance  of  O  which  taker, 
place  rapidly  below  about  7  5  km  by  association  with  O2  .  Above  this 
level  the  lifetime  of  O  atoms  is  longer  and  only  small  changes  occur 
from  day  to  night.  Then  the  ahsorption  produced  by  low-energy  solar 
protons  w'hich  ionize  mainly  at  heights  above  75  km  should  show  little 
change  from  day  to  night.  On  the  other  hand  the  absorption  produced 
by  energetic  protons  should  show  a  change  accompanying  the  change 
in  O  below  75  km.  The  analysis  by  Reid  lends  support  to  these  ideas 
and  indirectly  supports  the  importance  of  chemical  detachment  by  O 
atoms. 

Doherty  (Reference  9-135),  has  analyzed  the  propagation  of  an  LP’ 
signal  along  a  path  through  the  path  of  the  solar  eclipse  of  July  1963. 
The  phase  change  of  the  signal  increasedto  a  maximum  three  minutes 
after  maximum  obscuration  and  may  be  interpreted  as  due  to  a  change 
of  the  apparent  reflection  height  from  about  67  to  74  krn.  The  change 
in  height  was  temporally  very  nearly  the  same  as  the  increase  in  ozone 
content  computed  by  Hunt  (Reference  9  -136),  for  altitudes  just  above 
and  below  reflection  height  range.  The  increase  in  reflection  height 
is  considered  to  be  due  to  reduced  chemical  detachment  because  of 
reduction  of  the  O  atom  density  and/or  to  increased  dissociative 
attachment  to  ozone  by  the  reaction  e  +  O3  -  +  O'  , 
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9.  4.  7.  2  PROCESS  CONVERTING  Oj 
RAPIDLY  TO  NO+ 

Donahue  et  al  (Reference  9-  137)  have  made  ion  composition 
measurements  with  a  rocket-borne  mas s  spectrometer  flown  during 
an  aurora.  Near  115  km  the  NO+  density  was  larger  and  the  den¬ 
sity  much  smaller  than  expected  from  existing  ionospheric  models. 

The  ratio  NO+/C>2  was  so  large  that  a  new  mechanism  must  be  found 
to  convert  O^  to  NO+,  one  which  does  not  exist  in  the  normal  mid- 
latitude  daytime  ionosphere.  Among  the  possibilities  are  large  den¬ 
sities  of  NO  and/or  N^  reacting  with  or  large  vibrational  excitation 
of  N£  which  might  increase  the  rate  constant  for  the  reaction  4^- 
NO+  +  NO  two  orders  of  magnitude  above  its  300  K  value. 


9. 4.  7.  3  DISSOCIATIVE  RECOMBTNAT!ON  OF 
0+  AS  SOURCE  OF  Q(1S) 

Dal  gar  no  and  Khare  (Reference  9-  138)  and  Rees  et  al  (Reference 
9-13'))  suggested  that  O(^S)  produced  in  the  dissociative  recombina¬ 
tion  of  O2  and  electrons  is  the  source  of  the  green  line  5577A.  Orn- 
holt  (Reference  9-68)  argues  against  this  view  from  observations 
of  rapidly  varying  auroras,  This  proposed  source  would  cause  an 
additional  time  lag  between  the  N2  emission  which  is  in  phase  with 
the  ionization  and  the  portion  of  the  green  line  excited  by  recombina¬ 
tion,  since  C>2  ions  have  lifetimes  of  some  seconds  against  recom¬ 
bination,  No  reports  exist  of  such  a  lag  in  addition  to  that  caused  by 
the  natural  lifetime  (0.75  sec)  of  O(^S)  and  the  observations  of  Om- 
ho.lt  support  his  own  argument. 


Parkinson  et  al  (Reference  9-140),  in  a  rocket  investigation  of 
the  origin  of  the  auroral  green  line  (5577A),  have  made  measurements 
with  rocket-borne  photometers,  electron- energy  analyzer  s  ,  and  ion 
mass  spectrometers.  The  results  shew  that  direct  excitation  of 
atomic  oxygen  to  0(JS)  by  auroral  electrons  can  excite  only  a  small 
fraction  of  the  auroral  green  line  observed.  From  measured  ion  dis¬ 
tributions  in  the  altitude  range  100-150  km  dissociative  recombina¬ 
tion  is  shown  to  contribute  only  weakly  to  the  excitation  of  0(^5)  ex¬ 
cept  at  high  altitudes.  The  authors  propose  that  dissociative  excita¬ 
tion  of  can  account  for  the  major  portion  of  the  production  of 
O(^S)  if  the  cross-section  for  the  process  is  of  order  10'  ^  cm^  , 
Dissociative  recombination  may  provide  10  percent  of  the  total 
emission  at  the  higher  altitudes. 


9-31 


V 


V 


DNA  1948H 


REFERENCES 

9-1.  Appleton,  E.  V.  ,  J.  Atm.  Terrestr.  Phys.  _3,  228  (1953). 

9-2.  Piddington,  J.  H.  ,  J.  Geophys.  Res.  56,  409(1951). 

9-3.  Walt,  M.  ,  in  Aurora  and  Airglow,  B.  M.  McCormac,  Ed., 
Reinhold,  New  York  (1967);  p7  287. 

9-4.  Davidson,  G.  T,  ,  J.  Geophys.  Res.  70,  1061  (I96S). 

9-5.  McNeal,  R.  J.  ,  and  J,  H.  Birely,  in  The  Radiating  Atmosphere, 
B.  M.  McCormac,  Ed,,  P.eidel,  Dordrecht,  Holland  ( 1971); 
in  press. 

9-6.  Defense  Atomic  Support  Agency,  IonosDheric  Measurement 
Instrumentation:  A  Survey,  DASIAC  SR32;  DASA  1583 
<  i 965). 


9-7.  Fastie,  W.  ,  private  communic?  ‘ion  (1970). 

9-8.  Johnson,  R.  G.  ,  R.  E.  Meyerott,  and  J.  E.  Evans,  in  Aurora 
and  Airglow,  B.  M.  McCormac,  Ed.  ,  Reinhold,  New  York 
( 19o7);  p.  169. 

4-9.  Uiwick,  J.  C.  ,  in  Aurora  and  Airglow,  B.  M.  McCormac,  Ed.  , 
Reinhold,  New  York  (1967),  p.  225. 

9-10.  Father,  R.  H„  ,  and  S.  B.  Mende,  J.  Geophys.  Res.  76,  1746 
(1971'. 


n 

/  - 


1  \ 


n  ~  i  ~  -  a  tp  r*  t  n - ; 

uuivii,  •  t,  f  \J  ,  J  •  nvuii 


Sci.  14,  597  (1966). 


,1. 

wi\, 


f.  M 


IV 

A  A 


~  r>  1  ^  ^  ^  ♦ 

o  1  A.  i  UIIU  l  > 


9-12.  Hunten,  D.  M.  ,  Space  Sci.  Rev.  jS ,  493  (1967). 

9-13.  Stormer,  C.  .  The  Polar  Aurora,  Oxford  Univ.  Press, 
London  ( 1955). 


9-14.  Akasc/u,  S.  1.  ,  S.  Chapman,  and  A.  B.  Me'nei,  Hand  Ouch  der 
Physik,  S.  Flugge,  Ed.,  Springer- Verlag,  Berlin  ( 1966); 
Vol.  49/1. 


9-C2 


CHAPTER  9 


9-15.  Mcyerott,  R,  E.  ,  and  J.  E.  Evans,  Trans.  Am.  Geophys. 

Union  43,  436  (1962). 

9-16.  Evans,  J.  E.  ,  in  Auroral  Phenomena — Experiments  and  Theory, 
M.  Walt,  Ed.,  Stanford  University  Press,  Stanford,  Calif. 
(1965);  p.  130. 

9-17.  Rishbeth,  H.  ,  Nature  226,  1099(1970). 

9-13.  Bomke,  H.  A.  ,  H.  A.  Blake,  A.  K,  Harris,  and  D.  J.  Sheppard, 
J.  Geophys.  Res.  7_5,  6980  (1970). 

9-19.  Narcisi,  R.  S.  ,  C.  R.  Philbrick,  A.  D.  Bailey,  and  L.  Della 
Lucca,  Aeronomy  Report  No.  32,  University  of  Illinois 
(1969);  p.  355. 

9-20.  Mechtly,  E.  A.  ,  and  K.  Seino,  Radio  Sci.  4,  371  (1969). 

9-21.  Meyerott,  R.  E,  ,  and  J.  E.  Evans,  in  Atmospheric  Emissions, 
B.  M,  McCormac  and  A.  Omholt,  Eds.,  Van  Nostrand- 
Reinhold,  New  York  ( 1969);  p.  119. 

9-22.  Bailey,  D.  K.  ,  Planet.  Space  Sci.  1_2,  495  (i964). 

9-23.  Mitra,  S.  K,  ,  The  Upper  Atmosphere,  2nd  ed.  ,  The  Asiatic 
Society,  Calcutta  ( 1952). 

9-24,  Whitten,  R.  C. ,  and  A.  Dalgarno,  Stanford  Research  Institute, 
DASA  1827-1;  AD801 953L  ( 1 966). 

9-25.  Bates,  D.  R.  ,  and  H.  S.  W.  Massey,  Proc.  R.  /.  Soc.  A1 87. 

261  (1946). 

9-2t>.  Biondi,  M.  A.  ,  Can.  J.  Chem.  47,  1711  (1969). 

9-27.  Narcisi,  R.  S. ,  and  A.  D.  Bailey,  J.  Geophys.  Res.  70, 

3687  (1965). 

9-28.  Biondi,  M.  A.  ,  private  communication  ( 1970). 

9-29.  Taylor,  H.  A.  ,  and  H.  C.  Brinton,  J.  Geophys.  Res.  66, 

2587  (1961). 


9-33 


DNA  1948H 


9-30.  Ferguson,  E.  E.  ,  F.  C,  Fehsenfeld,  P.  D.  Goldan,  A.  L. 

Schmeltekopf,  and  H.  I.  Schiff,  Planet.  Space  Sci.  l_3, 

828  (1965). 

9-31.  Dickinson,  P.  H.  G.  ,  and  J.  Sayers,  Proc.  Phys.  Soc.  26, 

137  (1960). 

9-32.  Weller,  C.  S.  ,  and  M.  A.  Biondi,  Phys.  Rev.  ill,  198(1968). 

9-33.  Gunton,  R.  C.  ,  and  T.  M.  Shaw,  Phys.  Rev.  140A,  756  (’-966). 

9-34.  Awajobi,  O.  A.  ,  J.  Atm.  Terrestr.  Phys.  28,  375  (1966). 

9-35.  Yonezawa,  T.  ,  Space  Sci.  Rev.  J5,  49  (1966). 

9-36.  Rishbeth,  H.  .  and  O.  K,  Garriott,  Stanford  University  Tech. 
Rept.  8  (SU-SEL-64-111)  (1964). 

9-37.  Dalgarno,  A.,  J.  Atm.  Terrestr.  Phys.  ,26,  939  (1964). 

9-38.  Nisbet,  J.  S.  ,  and  T.  P.  Quinn,  J.  Geophys.  Res.  68,  1031 
(1963). 

9-39.  Thomas,  L.  ,  and  R.  B,  Norton,  J.  Geophys.  Res.  7T,  227 
(1966). 


9-40.  Whitten,  R.  C.  ,  and  A.  Dalgarno,  Pianet.  Space  Sci.  1 5, 
1419(1967). 


9-41.  Nestorov,  G.  ,  Geomagn.  Aeron.  _5,  650  (1965). 


n  ^  '1 


i  < ;«  _  a  r> 

will,  i  a,  nt  x  .  9 


•  A  .1  .  _  -  .  .  !..  Tt _  A*..  _  _  .1  .  r*»  .  t 

ill  nuvtuiLCa  in  uppci  muiuapuci  e  xvcscdi  ui, 


B.  Landmark,  Ed.  ,  Pergamon  Press  and  the  MacMillan 
Co.,  New  York  and  London  (1963).  For  recent  general 
review  cf  D-region  processes  by  the  same  author,  see 
J.  Atm.  Terrestr.  Phys.  30,  1065  (1968). 


9-43. 

Whitten,  R.  C.  , 

and  1„  G. 

(1964). 

9-44. 

Whitten,  R.  C.  , 

and  I.  G. 

185  (1964). 


Poppoff,  J.  Atmos.  Sci.  2A,  117 
Poppoff,  Disc.  Faraday  Soc.  37, 


9-34 


CHAPTER  9 


9-45. 


9-46. 


9-47. 


9-48. 


9-49. 


9-50. 


9-5.. 


9-52. 


9-53. 


9-54. 


9-55. 


9-56. 
9  •  57. 


LeJLevier,  R.  E.  ,  J.  Geophys.  Res.  69.  481  (1964). 

Kozlov,  S.  I,  ,  and  Yu.  P.  Raizer,  Cosmic  Res.  4 :j  509  (1966). 

Volland,  H.  ,  J.  Atm.  Terrestr.  Phys.  26,  695(1964). 

Lerfald,  G.  64,  ,  J.  K.  Hargreaves,  and  J.  M.  Watts,  Radio 
Sci.  69D,  939  (1961). 

Swift,  D.  W.  ,  J.  Atm.  Terrestr,  Phys.  23,  29  (1961). 

Nestorov,  G. ,  and  J.  Taubenheim,  Tzv.  Geofiz  Inst. 
Bolgarsk,  AN  7,  37  (1965). 

Smith,  L.  C.  ,  C.  A.  Accardo,  L.  H.  Weeks,  and  P.  J.  hlcKin- 
non,  J.  Atm.  Terrestr.  Phys.  27,  803  (1965). 

Custafsson,  C.,  Planet.  Space  Sci.  12,  .95  (1964). 

Whitten,  R.  C.  .  I.  G.  Pop;.  R.  S.  Edmonds,  and  W.  W. 
Berning,  J.  Geophys.  hi.  70,  1737  (1965). 

Chilton,  C.  J.  ,  J.  P.  Conner,  and  F.  K.  Steele,  Proc.  IEEE 
53,  2018  (1965). 

Bourdeau,  R.  E.  ,  A.  C.  Aikin,  and  J.  L.  Donley,  J.  Geophys. 
Res.  74,  727  (1966). 

Donahue,  T.  M.  ,  Planet.  Space  Sci.  1_4,  53  (1966). 


uv,  ,  cum  j. 

24,  633  (1962). 


A  dUDClUlCUJ  I 


.  Ci  L  6  J  M 


nt..  ~ 

i  ay  o. 


9-58.  Minnis,  C.  M.  ,  ir.  Solar  Eclipses  and  the  Ionosphere,  W.  J.  G. 

Beynon  and  G.  M,  Brown,  Eds.,  Pergamon  Press,  New 
York  (1956). 

'•-59.  McElhinny,  M.  W.  ,  J.  Atm.  Terrestr.  Phys.  14.,  273  (1959). 
9-60.  Bowhill,  S.  A.  ,  J.  Atm.  Terrestr.  Phys.  20,  19  (1961). 

9-61.  Mitra,  A.  P.  ,  J.  Geophys.  Res.  69,  4067  (1964). 


9-35 


DNA  1948H 


9-62. 

9-63. 

9-64. 

9-65. 

9-66. 

9-67. 

9-68. 

9-69. 

9-70. 

9-71. 

9-72. 

9-73. 

9-74. 

9-75. 

9-76. 


Landmark,  B. ,  in  Solar  Eclipses  and  the  Ionosphere,  W.  J.  G. 
Beynon  and  G.  M.  Brown,  Eds.,  Pergamon  Press,  New 
York  (1956). 

Oya,  H.  ,  and  T.  Obayashi,  Repts.  Ionosph.  Space  Res. 

Japan  21,  9  (1967). 

Bomke,  H.  A.  ,  H.  A.  Blake,  A.  K.  Harris,  W.  H.  Hulse,  D,  J. 
Sheppard,  A.  A.  Giesecke,  and  A.  Pantoja,  J.  Geophys. 
Res.  72,  5913  (1967). 

Omholt,  A.,  J.  Atm.  Terrestr.  Fhys.  _7,  73  (1955). 

Johnson,  R.  G.  ,  and  J.  N.  Bradbury,  Trans.  Am.  Geophys. 
Union  49,  735  (1968). 

Jeperson,  N. ,  B,  Landmark,  and  K.  Maseide,  J.  Atm. 
Terrestr.  Phys.  31,  1251  (1969). 

Omholt,  A.,  Ann.  Geophys.  2^  215  (1968). 

McDiarmid,  I,  B.  ,  and  E  E.  Budzinski,  Can.  J.  Phys.  42, 
2048  (1964). 

Larson,  L.  E.  ,  and  R.  E.  Houston,  J.  Geophys.  Res.  7£, 

2402  (1969). 

Parthasarathy,  R.  ,  and  D.  B.  Rai,  Radio  Sci.  1397  (1966). 

Folkestad,  K,,  B.  Landmark,  G.  Slovli,  and  J.  A.  Kane, 

J.  Atm.  Terrestr  Phys.  3 1 ,  835  (1969). 

Hicks,  G,  T.  ,  and  T.  A.  Chubb,  J.  Geophys.  Res.  75,  6233 
(1970). 

Barth,  C.  A.  ,  and  S.  Schaffner,  J.  Geophys.  Res.  75,  7299 
(1970). 

Hanson,  W.  B.  ,  J.  Geophys.  Res.  J74,  3720  (1969). 

Knudscn,  W.  C.  ,  J.  Geophys.  Res.  7(5,  3862  (1970). 


9-36 


CHAPTER  9 


9-77.  Hanson,  W.  B.  ,  J.  Geophys.  Res.  7J3,  4343  (1970). 

9-78.  Fehsenfeld,  F.  C.  ,  A.  L.  Schmeltekopf,  D.  B.  Dunkin,  and 

E.  E.  Ferguson,  ESSA  Tech.  Rept.  ERL  1  35- AL  3  ( 1969). 

9-79.  Tinsley,  B.  A.  ,  J.  Geophys.  Res.  lb,  3932(1970). 

9-80.  Matuura,  N.  ,  Repts.  lonosph.  Space  Res.  Japan  20,  289 

(1966). 


9-81. 


9-82. 


9-83. 


9-84. 


9-85. 


9-86. 


9-87. 


9-88. 


9-r’9. 


9-90. 


9-91. 


9-92. 


Ferguson,  E.  E.  ,  F.  C.  Fehsenfeld,  and  J.  D.  Whitehead, 
J.  Geophys.  Res.  75,  4366  (1970). 

Fehsenfeld,  F.  C.  ,  Can.  J.  Chem.  47,  1808  (1969). 

Brinton,  H.  C.  ,  M.  W.  Pharo,  III,  H.  G.  Mayr,  and  J.  A. 
Findlay,  J.  Geophys.  Res.  74>  2941  (1969). 

Ferguson,  E.  E.  ,  F.  C.  Fehsenfeld,  D.  B.  Dunkin,  A.  L. 
Schmeltekopf,  and  H.  1.  Schiff,  Planet.  Space  Sci.  1_2, 
1169  (1964). 


Dalgarno,  A.  ,  and  M.  B.  McElroy,  Planet.  Space  Sci.  14_, 

1321  (1966). 

Rundie,  H.  N.  ,  in  The  Radiating  Atmosphere,  B.  M.  McCormac, 
Ed.,  Reidel,  Dordrecht,  Holland  ( 1 97 1 );  in  press. 

Smith,  F.  L.  ,  111,  J.  Geophys.  Res.  7i,  7385  (1968). 


Dunkin,  D.  B.  ,  F.  C.  Fehsenfeld,  A.  L.  Schmeltekopf,  and 

p*  IT  t  r* i  ni An  1  74c  nof-O) 

f  Cl  gUaUll,  J.  VilClii.  i  11)  a.  •*  /  |  .J  y  a.  /  f  . 


Gunton,  R.  C.  ,  unpublished  work  (1970). 

Bragin,  Yu.  A.,  Cosmic  Res.  5,  413  (1967). 

Strobel,  D.  F.  ,  D.  M.  Hunten,  and  M.  B.  McElroy,  J.  Geo¬ 
phys.  Res.  75,  4307  (1970). 

Norton,  R.  B.  ,  and  C.  A.  Barth,  J.  Geophys.  Res.  75,  3903 
(1970). 


9-93. 


Vieira,  L.  G.  ,  Jr.,  J.  Geophys.  Res.  76,  202  (1971). 


9-37 


DNA  1948H 


9-94.  Hodges,  R.  R.  ,  J.  Geophys.  Res.  70,  185  (1905). 

9-95.  Belrose,  J.  S.  ,  and  L.  W,  Hewitt,  Nature  202,  267(1964). 

9-96.  Kane,  J.  A.  ,  J.  Atm.  Terrestr.  Phys.  23,  338  (1961). 

9-97.  Schlapp,  D.  M.  ,  J.  Atm.  Terrestr.  Phys.  1_6,  340  (1959). 

9-96.  Aikin,  A.  C.  ,  J.  A.  Kane,  and  J.  Troim,  J.  Geophys.  Res. 
62,  4621  (1964). 

9-99.  Jesperson,  M.,  O.  Petersen,  J.  Rybner,  B.  Bjelland, 

O.  Holt.  B.  Landmark,  and  J.  A.  Kane,  Planet.  Space 
Sci.  Ji2,  543  (1964). 

9-100.  Jesperson,  M. ,  and  B.  M.  Pederson,  J.  Atm.  Terrestr. 
Phys.  32,  1859  (1970). 

9-101.  Hunteri,  D.  M.  .  in  The  Radiating  Atmosphere,  B.  M. 

McCormac,  Ed.,  Reidei.  Dordrecht,  Holland  ( 1 971 ) ; 
in  press. 

9-102.  Dalgarno,  A.,  M.  B.  McElroy,  and  A.  I.  Stewart,  J.  Atmos. 
Sci.  26,  753  (  1069). 

9-103.  Miller,  R,  E.  ,  W.G.  Fastie,  and  R.  C.  Isler,  J.  Geophys. 
Res.  73-,  3353  (1968). 

9-104.  Bryant,  D.  A.  ,  G.  M.  Courtier,  G.  Skovli,  H.  R.  Lindalen, 

K.  Aarsnes,  and  K.  Maseide,  J.  Atm.  Terrestr.  Phys. 
32.  1695  (1970). 

9-105.  Dalgarno,  A.,  1.  D.  Latimer,  and  J.  W.  McConkey,  Planet. 
Space  Sci.  U,  1008  (1965). 

9-106.  Theobald,  K.  ,  and  M.  Peek,  Los  Alamos  Scientific 
Laboratory  Report  LA-3929  (1969). 

9-107.  Metzger,  P.  H.  ,  and  M.  A.  Clark,  J.  Geophys.  Res.  76, 

1756  (1971). 

9-108.  Chamberlain,  J.  W.  ,  Physics  of  the  Aurora  and  Airglow, 
Academic  Press,  New  York  (1961). 


9-38 


CHAPTER  5 


9-109.  Sharp,  W.E.,  J.  Geophys.  Res.  76,  987  0971). 

9-110.  Dick,  K.  A.,  J.  Geophys.  Res.  75,  5605(1970). 

9-111.  Reasoner,  D.  L.  ,  R.  H.  Eather,  and  R.  J.  O'Brien,  J.  Geo¬ 
phys.  Res.  4185  (1969). 

9-llk.  Earner,  R.  H.  ,  J.  Geophys.  Res.  73_,  1  19  (1968). 

9-113.  Mcllwain,  C.  E.  ,  J.  Geophys.  Res.  65,  2727  (I960). 

9-114.  Sanford,  B.  P.  ,  in  Aurora  and  Airglow,  B.  M.  McCormac, 

Ed.,  Reinhold,  New  York  ( 1 967);  p.  443. 

9-115.  Mende,  S.  B.  ,  and  R.  H.  Eather,  Planet.  Space  Sci.  1_9,  44 
(1971). 

9-116.  Romick,  G.  J.  ,  and  R.  D.  Sharp,  J.  Geophys.  Res.  72_,  4791 
(1967). 

9-117.  Omholt,  A.,  J.  Atm.  Terrestr.  Phys.  1_0,  320  (1957). 

9-118.  Zipf,  E.  C.  ,  Jr.,  Can.  J.  Chem.  47,  1863(1969). 

9-119.  Evans,  W.  F.  J.  ,  D.  M.  Hunten,  E.  J  Llewellyn,  and  A.  Val- 
lance  Jones,  J.  Geophys.  Res.  73,  2885  (1968). 

9-120.  Clark,  1.  D.  ,  and  R.  P.  Wayne,  Chem.  Phys.  Letts.  _3,  93 
(1969). 

9-121.  Wallace,  L.  ,  and  D.  M,  Hunten,  J.  Geophys.  Res.  7_3,  4813 
(1968). 

9-122.  Young,  R.  A.  ,  and  G.  Black,  J.  Chem.  Phys.  47,  231  1  (1967). 

9-123.  Hunten,  D.  M.  ,  and  N.  B.  McElroy,  Revs.  Geophys.  4,  303 
(1966). 

9-124  Young,  R.  A.  ,  private  communication  (1969). 

9-125.  Gadsden,  M.  ,  and  E.  Marovich,  J.  Atm.  Terrestr.  Phys. 

31,  817  (1969). 


9-39 


DNA  1948  H 


9-126.  Young,  R.  A.  ,  and  G.  Black,  J.  Chem.  Phys.  44,  3741  (1966). 

9-127.  Stuhl,  F.  ,  and  K.  H.  Welge,  Can.  J.  Chem.  47,  1870  (1969). 

9-128.  Parkinson,  T.  M.  ,  and  E.  C.  Zipf,  Jr.,  Planet.  Space  Sci. 

19,  267  (1971). 

9-129.  Noxon,  J.  F.  ,  J.  Chem.  Phys.  52,  1852  (1970). 

9-130.  Young,  R.  A.  ,  G.  Black,  and  T.  G.  Slanger,  J.  Chem.  Phys. 
40,  4758  (1968). 

9-131.  Whitten,  R.  C.  ,  and  I.  G.  Poppoff,  J.  Geophys.  Res.  67,  1183 

(1962). 

9-132.  Reid,  G.  C.  ,  in  Electron  Density  Profiles  in  Ionosphere  and 
Exosphere,  J.  Frihagen,  Ed.,  North-Holi  and,  Amsterdam 
0966);  p.  17. 

9-133.  Fehsenfeld,  F,  C.  ,  A.  L.  Schmelf ekopf,  H.  I.  Schiff,  and 
E.  E.  Ferguson,  Planet.  Space  Sci.  1_5,  373  (1967). 

9-134.  Reid,  G.  C.  ,  Planet.  Space  Sci.  17,  731  (1969). 

9-135.  Doherty,  R.  H.  ,  J.  Geophys.  Res.  73,  2429  (1968). 

9-136.  Hunt,  B.  G. ,  Tellus  17,  516  (1965). 

9-13?.  Donahue,  T.  M.  ,  E.  C.  Zipf,  Jr.,  and  T.  D.  Parkinson, 

Planet.  Space  Sci.  1_8,  171  (1970). 

0-138.  Dalcrarnn.  A.,  and  S  P  Kha-e.  Planet,  Snare  Sri.  IS.  038 
0967).  ‘  ~ 

9-139.  Rees,  M,  H,  ,  J.  C.  G.  W'alker,  and  A.  Dalgarno,  Planet 
Space  Sci.  1_5,  1097(1967), 

9-140.  Parkinson,  T.  D.  ,  E.  C.  Zipf,  Jr.  ,  and  T.  M.  Donahue, 

Planet.  Space  Sci.  J_8,  187  0970). 


9-40 


GROUP  C 


CHAPTERS  ON  PERTINENT  RATE  DATA 


CHAPTER 

10 

Basic  Energy  -  Level  and 

Equilibrium  Date 

CHAPTER 

11 

The  Kinetics  of  Atmospheric  Radietive 
Processes  in  the  Infrared 

CHAPTER 

12 

Photochemical  Processes: 

Cross  -  Section  Data 

CHAPTER 

13 

Photochemical  Processes:  Solar 
Photoionization  Rate  Constants 
and  Ultraviolet  Intensities 

CHAPTER 

14 

Kinetics  of  Low  -  Energy  Electron 
Collision  Processes 

CHAPTER 

15 

Kinetics  of  High  -  Energy 

Heavy  -  Particle  Collisionai  Processes 

CHAPTER 

16 

Cherged  -  Particle  Recombination 
Processes 

CKAPTFR 

17 

FjaMrnn  AttarKmont  ;n/j 

Detachment  Processes 

CHAPTER 

18 

Ion  -  Neutral  Reactions 

CHAPTER 

19 

Neutrai  Reactions 

CHAPTER 

20 

Excitation  and  Deexcitation 

Processes 

CHAPTER 

21 

Electron  Collision  Frequencies 
and  Radio  -  Frequency  Absorption 

CHAPTER  10 


10.  BASIC  ENERGY-LEVEL  AND  EQUILIBRIUM  DATA 

F.R.  Gilmore,  R  &  D  As:ociote$ 

(Latest  Revision  28  October  1971) 


10.1  INTRODUCTION 

An  important  property  of  any  reaction  is  its  reaction  energy,  i.  e. , 
the  amount  of  energy  taken  up  or  given  off  when  unit  amounts  of  the 
reactants  are  converted  to  the  products.  Heats  of  formation,  dis¬ 
sociation  energies,  ionizationenergies,  etc.,  represent  specific  types 
of  reaction  energies.  When  a  reaction  is  exothermic,  the  reaction 
energy  represents  the  energy  available  for  excitation  or  heating  of 
the  products  of  the  reaction.  When  a  reaction  is  endothermic,  the 
reaction  energy  must  be  supplied  by  the  thermal  or  excitational 
energy  of  the  reactants.  Consequently,  endothermic  reactions  will  be 
very  slow  when  the  mean  thermal  energy  is  much  less  than  the  re¬ 
action  energy,  unless  the  reactants  have  above-thermal  excitational 
energy.  (The  converse,  however,  is  not  true;  reactions  are  not 
necessarily  fast  just  because  sufficient  energy  is  available.  ) 

An  understanding  of  reactions  involving  excited  states  also  re¬ 
quires  a  ki  swledge  of  the  excited  energy  levels  of  the  reacting  or 
product  species.  Moreover,  for  the  case  of  thermal  equilibrium 
(i.e.,  for  a  Boltzmann  distribution  of  excited- state  populations), 
such  energy  levels  can  be  used  to  calculate  "equilibrium  constants" 
which  relate  the  forward  to  the  backward  rates  of  :  eactions  (see 
section  iu.  4  on  hquiiiorium  Constants).  Finaiiy,  since  most  reac¬ 
tion  energies  and  energy  levels  can  be  determined,  by  spectroscopic, 
calorimetric,  or  other  methods,  with  an  accuracy  far  surpassing 
that  attainable  in  reaction- rate  measurements,  such  data  form  a 
firm  though  limited  foundation  on  which  to  build  the  often  crude  and 
speculative  edifices  of  reaction  mechanisms  and  rat»s.  This  chap¬ 
ter  presents  s*uch  data  for  atoms  and  simple  molecules  involving 
hydrogen,  carbon,  nitrogen,  oxygen,  and  argon. 

10.2  REACTION  ENERGIES 

The  energy  of  a  reaction  may  be  defined  as  the  net  gain  or  loss 
of  energy  accompanying  the  interaction  of  reactants,  in  molecular 
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or  molar  quantities  (corresponding  to  a  balanced  chemical  equation), 
to  form  products.  Unless  otherwise  stated  in  the  equation  of  reac¬ 
tion,  reactants  and  products  are  always  assumed  to  be  in  their 
ground  rotational,  vibrational,  and  electronic  levels,  i.e.,  with  no 
excitation.  Such  a  reaction  energy  is  equivalent  to  what  chemists 
call  "the  heat  of  reaction  at  OK",  since  at  absolute  zero  (in  thermal 
equilibrium)  all  species  are  defined  as  being  in  their  lowest  energy 
levels.  Moreover,  for  gases  at  absolute  zero  no  distinction  needs 
to  be  made  between  the  reaction  enthalpy  (or  heat)  and  th?  reaction 
energy,  since  AHq  =  AEq  =  A(pV)q  =  0  ,  where  by  convention  the 
subscript  "0"  designates  OK  and  the  superscript  "o"  the  reference 
or  standard  state.  (A  similar  relation  holds  for  the  free  energy: 

AF§  AA§  =  AEg  . ) 

Chemists  usually  consider  the  reaction  energy  as  variable  with 
temperature,  because  of  the  varying  thermal  energy  of  the  reactants 
and  products.  However,  only  the  zero-temperature  reaction  energy 
is  tabulated  here,  for  two  reasons:  First,  the  variation  with 
temperature  is  usually  relatively  small  except  at  high  temperatures , 
and  can  be  readily  estimated  if  necessary.  Second,  and  more  im¬ 
portant  in  the  present  context,  the  products  of  a  reaction  are  highly 
unlikely  to  be  produced  with  an  initial  energy  distribution  corres¬ 
ponding  to  the  gas  temperature.  Hence,  the  temperature- dependent 
reaction  energy  is  not  really  pertinent  to  the  reaction- rate  problem, 
but  only  to  the  question  of  the  net  heating  after  the  products  have 
been  thermalized  by  subsequent  collisions. 

The  algebraic  sign  of  the  reaction  energy  depends  upon  whether  it 
is  defined  as  the  energy  absorbed  or  the  energy  released  on  reaction 
For  the  cases  considered  here  (formation,  dissociation,  and  ioniza¬ 
tion),  it  is  conventional  to  define  a  positive  reaction  energy  as  the 
energy  absorbed  during  formation,  dissociation,  or  ionization,  or 
equivalently  the  excess  of  the  internal  energy  of  the  products  over 
that  of  the  reactants.  Conversely,  a  negative  reaction  energy  desig¬ 
nates  energy  emitted  during  the  corresponding  reverse  processes, 
i.  c,,  excess  of  the  internal  energy  of  the  reactants  over  that  of  the 
products. 

Before  standard  heats  of  formation  can  be  determined,  it  is  also 
necessary  to  establish  "reference  states"  which  are  the  standard 
descriptions  of  substances,  from  which  other  species  are  presumed 
to  have  been  formed.  For  the  species  of  present  interest  the  con¬ 
ventional  reference  or  standard  states  are  H  ,  IM2  *  *  an<^  J^r 

in  the  ideal-gas  (or  isolated- molecule)  state,  and  C  in  the  form  of 
graphite. 
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Table  10-1  gives  the  moleculai  weight,  energy  of  formation,  dis¬ 
sociation  energy,  and  ionization  energy  for  each  of  the  (gaseous) 
atoms  and  small  molecules  of  present  interest,  together  with  rele¬ 
vant  references.  All  energies  are  given  in  three  different  units: 
physical  (electron  volts  per  particle),  spectroscopic,  i.  e.  ,  recipro¬ 
cal  of  the  wavelength  of  photons  having  the  same  energy  (10-*  cm"*, 
also  known  as  kilokaysers),  and  thermochemical  (kilocalories  per 
mole).  Conversion  factors  are  taken  from  the  standard  NAS-NRC 
list  (Reference  10-1).  The  accuracy  of  each  value  is  indicated  ap¬ 
proximately  by  the  number  of  decimal  places  shown  (see  notes  ac¬ 
companying  Table  10-1).  The  energy  of  any  reaction  involving 
these  species  is  calculated  by  adding  together  the  formation  ener¬ 
gies  of  the  products  and  subtracting  those  of  the  reactants. 

10.3  ENERGY  LEVELS  AND  POTENTIAL  CURVES 

The  energy  levels  of  atoms  and  atomic  ions  depend  upon  the  ar¬ 
rangement  of  their  orbital  electrons.  The  lower  energy  levels  of 
the  atoms  and  ions  of  present  interest  are  listed  in  Tables  10-2 
through  10-11,  together  with  their  respective  electronic-  state  desig¬ 
nations  and  statistical  weights.  (For  an  explanation  of  the  latter 
terms  see  References  10-2  and  10-3.)  The  ions  H  ,  H  ,  and  C 
have  only  one  bound  state  each,  so  they  are  not  tabulated  here.  All 
of  the  listed  species  except  O  actually  have  an  infinite  number  of 
highly  excited  states.  However,  the  present  tables  list  only  those 
states  for  which  all  the  bound  electrons  have  principal  quantum 
numbers  less  than  five.  In  most  physical  situations  higher  states 
are  not  expected  to  be  important,  but  if  needed  they  can  he  obtained 
from  the  more  extensive  tabulations  of  Moore  (Reference  10-3),  or 
calculated  from  the  Rydberg  formula  (Reference  10-2). 

Also  included  in  Tables  10-2  through  10-11  are  the  equilibrium 
fractional  populations  of  the  different  electronic  states,  for  various 
temperatures  up  to  10,  000  K.  These  results  are  often  useful  in 
problems  concerning  equilibrium  gases.  However,  in  many  situa¬ 
tions  involving  low-density  gases,  or  transient  processes  even  at 
high  densities,  equilibrium  is  not  attained  and  these  tahulated 
populations  are  therefore  inapplicable. 

For  several  atoms,  some  of  the  electronic  states  listed  in  Tables 
10-2  through  10-11  are  shown  graphically  in  the  Grotrian  diagrams 
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in  Figures  10-1  through  10-4.  These  figures  show  a  number  of  the 
energy  levels  of  H  ,  N  ,  O  ,  and  0+  ,  and  some  of  the  radiative 
transitions  between  them  as  well  as  the  wavelengths  of  these  transi¬ 
tions.  Grotrian  diagrams  of  many  atoms  are  available  elsewhere 
(References  10-2,  10-4,  10-5).  Partial  energy-level  diagrams  for 
some  other  atoms  are  given  in  Chapter  20. 

Molecules,  because  of  their  additional  rotational  and  vibrational 
degrees  of  freedom,  have  so  many  individual  energy  levels  that  it  is 
rather  impractical  to  tabulate  them  all.  Fortunately,  however,  fcr 
e?.ch  degree  of  electronic  excitation  the  rotational  and  vibrational 
levels  are  usually  quite  regular  and  can  be  represented  by  simple 
formulas,  only  the  coefficients  of  which  therefore  need  to  be  tabu¬ 
lated  (see  Reference  10-6).  For  present  purposes  it  is  probably 
sufficient  to  note  that  the  vibrational  levels  of  each  electronic  state 
are  fairly  evenly  spaced,  only  slowly  converging  near  the  dissocia¬ 
tion  limit.  The  rotational  levels  are  not  evenly  spaced,  but  vary 
approximately  quadratically  with  the  rotational  quantum  number; 
however,  the  spacing  is  generally  so  close  (10“^  to  10'^  eV)  that 
for  most  reaction-rate  purposes  the  rotational  energy  levels  can  be 
treated  as  if  they  formed  a  continuum. 

Tables  10-12  through  10-18  present  the  electronic  energy,  lowest 
vibrational  interval,  and  fractional  population  for  each  of  the  lower 
electronic  states  of  several  diatomic  molecules  and  ions  of  present 
interest.  Similar  values  for  other  diatomic  molecules,  but  without 
the  fractional  population  numbers,  are  given  in  Table  10-19.  Again, 
the  reader  is  cautioned  against  use  of  the  equilibrium  population 
values  in  nonequilibriurn  situations. 

For  triatomic  molecules,  existing  knowledge  of  the  lower  excited 
electronic  states  is  quite  incomplete.  Consequently,  just  the  ground 
state  and  its  lowest  vibrational  intervals,  for  the  three  normal  vi¬ 
brational  modes,  are  listed  in  Table  10-20. 

In  vibrating,  the  atoms  in  a  molecule  move  within  the  force  field 
produced  by  the  bound  electrons.  For  each  electronic  state  a  po¬ 
tential  curve  or  surface  can  be  drawn,  representing  the  effective 
potential  energy  as  a  function  of  the  internuclear  distance(s)  and 
angle(s).  Figures  10-5  through  10-7  present  such  curves  for  N2  , 

NO  ,  ,  and  the  corresponding  molecular  ions,  including  marks 

indicating  the  ohscrved  vibrational  levels  available  within  each  elec¬ 
tronic  state.  Such  curves  are  useful  not  only  in  depicting  molecular- 
energy  levels,  but  also  in  understanding  electronic  transitions,  since 
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the  Franck-Condon  principle  states  that  energy-level  transitions 
caused  by  photon  absorption  or  emission,  or  by  collisions  with  elec¬ 
trons  or  fast  heavy  particles,  are  most  likely  to  take  place  when 
accompanied  by  zero  change  in  the  internuclear  distance  (Reference 
10-6). 


10.4  EQUILIBRIUM  CONSTANTS 

In  any  ideal  gas  mixture  in  complete  thermal  and  chemical  equili¬ 
brium,  containing  three  or  more  intei acting  species  related  by  a 
balanced  chemical  equation,  e .  g .  ,  XY  2  X  +  Y  or  W  +  XtY+Z  , 
the  corresponding  productir eactant  concentration  ratio,  e.g.  , 

[X]  [Y ]/[XY ]  or  [Y]  [Z]/[W]  [X]  ,  respectively,  can  be  shown  to 
depend  only  on  the  temperature  (Reference  10-7).  Since  all  such 
ratios  are  independent  of  the  individual  species  concentrations,  and 
are  thus  characteristic  of  chemical  systems  in  the  equilibrium  con¬ 
dition,  they  are  called  equilibrium  constants. 

A  reacting  gas  mixture  initially  out  of  chemical  equilibrium  tends 
to  approach  equilibrium,  and  the  corresponding  concentration  ratio 
as  defined  above  tends  to  approach  its  equilibrium  value  as  well.  As 
equilibrium  is  approached  the  various  reaction  rates  do  not  actually 
diminish;  instead  the  rateof  eachforward  reaction  comes  into  balance 
with  that  of  its  reverse  counterpart.  Consequently,  it  is  not 
difficult  to  show  that  in  equilibrium  the  ratio  of  the  forward  vo  the 
backward  rate  coefficients  for  each  reversible  reaction  is  equal  to 
the  equilibrium  constant. 

Unfortunately,  a  rate  coefficient  is  measureable  and  has  practi¬ 
cal  significance  only  in  nonequilibrium  situations.  Furthermore,  lor 
each  species  in  a  reacting  mixture  there  are  always  individual  mem¬ 
bers  whose  velocities,  i.e. ,  kinetic  energies,  form  some  statistical 
distribution  about  the  value  which  might  be  deduced  from  the  kinetic 
temperature  of  the  mix.  Usually  a  characteristic  range  of  rotational, 
vibrational,  and  electronic  energy  levels  of  the  species  exists  as 
well,  and  generally  some  of  these  levels  tend  to  be  more  reactive 
than  others,  especially  in  endothermic  interactions,  by  virtue  of 
their  greater  internal  energies.  In  nonequilibrium  situations  the 
more  reactive  levels  will  thus  be  removed  (by  reaction)  more  rapidly 
than  the  others,  resulting  in  an  internal  distribution  of  levels  in 
each  reacting  species  such  U3  to  make  it  less  reactive  than  if  the 
distribution  were  in  equilibrium  f  Preference  10  -8). 
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Molecular  dissociation  calculations  based  on  a  simple  model 
show  that  when  the  mean  thermal  energy  is  much  less  than  the  dis¬ 
sociation  energy  the  dissociation  and  association  coefficients  are 
only  slightly  smaller  than  their  equilibrium  values.  Moreover,  both 
coefficients  are  decreased  by  the.  same  fraction,  so  that  their  ratio 
still  equals  the  equilibrium  constant  {Reference  10-9).  However, 
other  reactions  may  not  have  such  a  convenient  behavior. 

In  the  present  work,  equilibrium  constants  have  been  calculated 
for  several  pertinent  dissociation  and  ionization  reactions.  Results 
up  to  10,  000  K  are  presented  graphically  in  Figures  10-8  through 
10-11. 
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Table  10-2.  Energy  levels  and  equilibrium  fractional  electronic  populations  af  H  . 
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Table  10-3.  Energy  levels  and  equilibrium  fractional  electron. -  populations  of  C  . 
State  Level  Stat.  Temperature  (K) 
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‘Estimated.  “Includes  estimated  sublevels. 

Nonstarred  energy  levels  from  Refs  fences  10-3,  10-38. 
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CHAPTER  10 
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‘Estimated.  * ‘Includes  estimated  sublevels. 
Nanstarred  energy  levels  from  References  10-3,  10-39. 
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•Estimated . 

Nonstarred  energy  level:,  from  References  10-3,  10-42. 
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‘Estimated.  "Includes  estimated  sublevels. 

Nanstarred  energy  levels  from  References  10-3,  10-44. 
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Table  10-9.  Energy  levels  and  equilibrium  fractional  electronic  populations  of  O 
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‘Estimared.  ‘‘Includes  estimated  sublevels. 

Nonstarred  energy  levels  from  References  10-3,  10-45. 

Note:  States  invalving  electrons  with  principal  quantum  numbers  abive  N  ~  4  are  not  included. 
All  levels  above  283244  cm-!  are  subject  to  autoionization. 


Table  10-10.  Energy  levels  and  equil ibrium  fractional  electronic  populations  of  Ar  . 
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‘Estimated.  “Includes  estimated  sublevels. 

Nonstarred  energy  levels  from  References  10-3,  10-46,  10-47. 

Nate:  States  involving  electrans  v/ith  principal  quantum  numbers  above  N  =  4  arj  not  included. 
Ail  levels  above  127110  cm-  are  subject  ta  autcianizotian . 


Table  10-11.  Energy  levels  and  equilibrium  fractional  electronic  populations  of  Ar 
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Table  10-14.  Energy  levels  and  equilibrium  fractional  electronic  populations  of  N2 
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Table  10-15.  Energy  levels  and  equilibrium  frGCtionol  electronic  populations  of  NO  . 
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Based  on  dato  from  Reference  10-7. 
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Based  on  energy -  level  data  from  Reference  10-53. 
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Table  10-19.  Lower  electronic  ond  vibrationol  energy  levels  af  selected 
diatomic  molecules.  Units:  cm"'  ond  eV. 


Molecule 

Stote 

Electronic 

Energy 

Lowest  Vibrationol 
Interval 

References 

H2 

yV  + 

XLg 

0  cm"' 

0  eV 

4161  cm  ' 
0.516  eV 

10-56 

H2 

X^E+ 

0 

2191 

10-15 

g 

0 

0.272 

CO+ 

xV 

0 

2184 

10-57 

0 

0.271 

A2n 

20408 

1535 

2.530 

0.190 

b2l+ 

45633 

1679 

5.658 

0.208 

i 

o 

z 

xV 

0 

(1355) 

10-58 

0 

(0.168) 

°2 

x2n 

0 

(1065) 

10-59 

g 

C 

(0.132) 

oh" 

x's+ 

0 

(3600) 

10-31  i 

0 

(0.446) 

OH 

x2n 

0 

3570 

10-57 

0 

0.443 

32402 

2989 

4.017 

0.371 

O 

X 

4- 

xV 

0 

2967 

10-57 

0 

C.368 

a3h 

27952 

1986 

3.466 

_ 

0.246 

10-40 
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Table  10-20.  Vibrotionol  spocing  of  triotomic  molecules. 


H?0 

'a, 

3657  cm-' 
0.453  eV 

1595cm-' 
0.198  eV 

3756  cm-' 
0.466  eV 

10-34 

H2o+ 

(2b,) 

(—3200) 

(— 0. 40) 

(-1500) 

(-0.19) 

(-3300) 

(-0.41) 

★ 

co2 

1E+ 

g 

1388 

0.172 

667 

0.083 

2349 

0.291 

10-34 

C°2 

2 

n 

g 

1280 

0.159 

(-400) 

(—0.05) 

(1469) 

(0.182) 

10-34 

NO" 

(1280) 

(0.159) 

(790) 

(0.098) 

(1210) 

(0.150) 

10-60** 

NC2 

2A| 

(1320) 

(0.164) 

750 

0.093 

1618 

0.201 

10-34 

no2 

(1396) 

(0.173) 

(571) 

(0.071) 

(2360) 

(0.293) 

10-62 

n20 

IE4 

2224 

0.276 

589 

0.073 

1285 

0.159 

10-34 

n20+ 

2n 

1737 

0.215 

461 

0.057 

1126 

0.140 

10-34 

°3 

(2b,) 

(1260) 

(0.156) 

(800) 

(0.099) 

(1 140) 
(0.141) 

10-63 

r\ 

*  A 

r'\ 

nm 

■70*; 

t  w 

10/10 

10-0/ 

i 

0.138 

0.087 

0.129 

2 

(A,) 

(-1300) 

(-0.16) 

J 

(-700) 

(-0.09) 

(-1600) 

(-0.20) 

H| 

*  Vibrotionol  intervols  estimated  from  Rydberg  states  of  H2C 

) . 

**  Values  measured  in  potassium  halide  crystals  extrapolated  to  the  isolated 
ian  i r.  the  manner  of  Halzer  et  ol  (Reference  10-41). 

***  Vibra'-'iac.al  intervals  estimoted  from  N02. 

10-41 
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Figure  10 


1 .  Partial  Grotrian  diagram  of  hydrogen  atom. 
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Figure  10-5 .  Potential -energy  curves  for  N2  (unstable),  N2/  and  N 
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Figure  10*4,  Potential -energy  curves  for  NO  ,  NO  ,  and  NO 
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11.  THE  KINETICS  OF  ATMOSPHERIC  RADIATIVE 
PROCESSES  IN  THE  INFRARED 

J.P.  Kennedy  and  F.P.  Del  Greco 
Air  Force  Cambridge  Research  Laboratories 
(Latest  Revision  1  February  1972) 


11.1  INTRODUCTION 

In  the  normal  or  unperturbed  atmosphere  such  species  as  ozone, 
water  vapor,  carbon  dioxide,  and  the  hydroxyl  radical  are  recognized 
radiative  sources  in  the  infrared.  The  contributions  of  these  sources 
to  the  normal  atmosphere  are  illustrated  in  Figures  11-1  and  11-2 
for  the  4-8t,^im  and  8-16  /im  bands,  respectively  (References  11-1, 
11-2).  In  disturbed  atmospheres  wide-ranging  and  persistent  pertur¬ 
bations  of  the  infrared  radiation  from  naturally  occurring  species 
are  to  be  expected.  If  the  perturbing  source  is  a  nuclear  detonation, 
the  new  species  introduced  by  debris  interactions  may  also  give  rise 
to  radiative  perturbations,  as  shown  for  the  1.  5-3  fim  and  3-6  fim 
bands  in  Figures  11-3  and  11-4,  respectively  (Reference  11-3). 

Even  in  the  normal  atmosphere,  and  certainly  in  perturbed  atmo¬ 
spheres,  an  observer  may  encounter  a  radiation  background  which 
reduces  contrast  along  the  line  of  sight.  Certain  computer  codes 
have  been  designed  to  calculate  the  background  radiance  for  arbi¬ 
trary  sight  lines  and  atmospheric  conditions.  Table  11-1  presents 
selected  data  on  species  for  which  potential  contributions  to  the  atmo¬ 
spheric  infrared  radiation  should  be  rnnsidered  in  anrh  rnHps 
Most  of  the  infrared-active  species  listed  in  Table  11-1  are  minor 
constituents  in  either  a  normal  or  a  disturbed  atmosphere.  An  ex¬ 
ception  is  the  case  (Reference  11-4)  in  which  NO  appears  to  have 
achieved  relatively  very  large  concentrations  in  an  aurorai  distur¬ 
bance.  Although  infrared  radiation  comprises  a  major  energy  sink 
in  some  portions  of  the  atmosphere,  infra  f*d  -  adiativ;  rates  capable 
of  generating  a  background  radiance  pi  Idem  need  not  imply  an 
important  drain  on  the  energy  sources  available  ina  disturbed  atmo¬ 
sphere. 

Subsequent  sections  of  this  chapter  will  discuss  the  important 
mechanisms  of  vibrational  excitation,  viz.,  collisional  excitation 
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Atnospheric  emission  spectrum  between  8  and  16 fjm  {altitude 
(Reference  11-2). 
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(Section  1 1 . 2),  radiative  excitation  (Section  11 .  3),  and  in  a  special 
section  for  which  we  are  indebted  to  J,  W.  Cooper  of  the  National 
Bureau  of  Standards,  radiative  processes  in  low-density  j  lasmas 
'Section  11.4).  Two  appendices  to  the  chapter  describe  technical 
aspects  of  the  subject,  viz.,  band  widths  and  shapes,  and  definitions 
and  equations  pertaining  to  resonance  fluorescence,  respectively. 

11.2  COLLISIONAL  EXCITATION 
PROCESSES 

11.2.1  Translational -Vibrational 

Energy  Transfer 

A  system  is  said  to  be  in  local  thermodynamic  equilibrium  (LTE) 
if  a  single  temperature  characterizes  the  distribution,  throughout 
all  the  available  degrees  of  freedom,  of  the  total  energy  contained 
in  the  system.  Emission  or  absorption  of  infrared  radiation  may 
cause  a  system  to  depart  from  LTE.  The  system  remains  in  LTE 
so  long  as  the  collisional  processes  holding  the  infrared-active  modes 
to  the  LTE  condition  continue  to  dominate  all  other  source  and  sink 
terms  for  these  modes.  In  general,  the  numbers  of  collisions  re¬ 
quired  for  translational,  rotational,  and  vibrational  relaxation  are 
of  the  order  of  <10,  <100,  and  '.0^-10*\  respectively  (References 
11-17,  11-18).  For  pc  ./atomic  specieshaving  more  than  one  vi¬ 
brational  mode,  the  effective  mechanism  for  translational- vibra¬ 
tional  (T-V)  coupling  into  the  molecule  is  thought  to  involve  the  mode 
of  lowest  frequency,  which  then  couples  intramolecularly  with  the 
other  modes.  T-V  excitation  of  infrared-active  modes,  and  their 
subsequent  radiative  emission,  comprise  an  important  cooling 
mechanism  in  the  lower  atmosphere  (Reference  11-19). 

tor  a  vibrat-cnai  mode  of  species  X  ,  simplifying  to  a  Iwo-levcl 
model  and  neglecting  absorption  of  radiation: 

~3T-J=  Koi[x<°>3  '  (K.'o+  Aio)tXfli3  ■ 

and  in  the  steady  state: 

[X(1)J 

- =  - -  .  (H-2) 

Cx<°>-'  (K10  +  A,o) 
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Here,  Kqj  {sec"^)  and  Kj^  (sec'*)  are  the  collisional  excitation  and 
deexcitation  rates,  respectively,  [X{i)]  is  the  number  density  ( cm'*) 
of  species  X  in  vibrational  state  i  ,  and  Ajq  (sec_l)  is  the  Einstein 
coefficient  for  the  transition  {cf.  Table  11-1).  If  Z-j  is  the  nutv  ber 
of  collisions  required  to  bring  about  one  transition  from  state  i  to 
state  j  ,  and  N  is  the  number  of  collisions  per  second  experienced 
by  a  molecule  at  a  given  altitude,  then  K •  j  =  N/Zjj  ■  For  the  example 
given,  Kjq  2  N/Z  »  Ajq  is  the  condition  to  be  met  if  radia¬ 
tive  loss  is  not  to  disrupt  JLTE.  In  that  case  [X{  1) J / [X{0) ]  ie  given 
by  the  Boltzmann  factor,  exp[-0/T]  ,  where  T  is  the  kinetic  tem¬ 
perature  and  8  is  the  characteristic  temperature  hl/Q/k  of  the  mode. 
When  T  <<  8  ,  the  reciprocal  of  Kjq  is  a  good  approximation  to  the 
relaxation  time  for  the  system;  it  applies  about  as  well  for  a  system 
of  many  harmonic  oscillators  {Reference  11-17). 

Failure  of  Kj*q  to  dominate  Ajq  implies  [X(  1) ] /  [X(0) ]  <  exp[ - 8/ T J 
Tvib  <  T^^net^c  ,  and  therefore  a  condition  where  the  volume  emis¬ 
sion  rate  in  an  optically  thin  atmosphere  is  subject  to  one  variety  of 
collision-limiting.  For  most  species  this  condition  has  its  onset 
somewhere  above  70  km,  the  actual  altitude  depending  on  where  in 
the  atmosphere  N/Zjq  ~  Ajq  .  Values  of  Zjq  for  CO^  and  H^O 
are  listed  in  Table  11-2. 

The  emission  features  of  the  spect,  j.  shown  in  Figures  11-1  and 
11-2  are  attributable  to  thermal  radiation  from  chemically  stable 
species  in  the  atmosphere.  For  important  minor  species  like 
at  9.  6  Jim  and  CO2  at  1  5  Jim,  the  atmosphere  is  optically  thick  to 
the  radiation.  The  surface  brightness  of  the  atmosphere  at  these 
wavelengths  approaches  that  of  a  blackbody  at  the  local  kinetic  tem¬ 
perature.  To  calculate  the  brightness  of  thermally  excited  transi¬ 
tions  for  which  the  atmosphere  is  not  optically  thick,  given  a  specific 
slant  path,  requires  a  knowledge  of  the  number-density  profile  of  the 
emitting  species  along  the  line  of  sight,  as  well  as  the  atmospheric 
temperature  in  each  volume  element  along  the  optical  path.  Then 
within  each  such  volume  element,  again  using  the  1,  0  transition  of 
species  X  as  an  example: 

IXJ  A,  exp[-  8/  T] 

10  _  3  1 

lvoj  -  - O - photons  cm  sec'  ,  {11-3) 


where  lvoj  is  the  volume  emission  rate,  Qy  is  the  vibrational  par¬ 
tition  function  for  species  X  ,  and  LX]  is  the  concentration  of  species 


11-11 


Table  11-2.  Callisianal  Excitation  Parameters. 


1 


J 


DNA  1948K 


Reference  11-17  derives  the  theoretical  basis  far  calculating  relaxation  rates  at  other  temperatures 
and  References  1  1-18  and  1  i -20  compile  much  af  the  pertinent  data. 
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X  in  the  volume  element.  The  line- of- sight  emission  rate  1  , 

9  1  CUi 

(photons  cm'^  sec  )  is  the  line  integral  of  the  volume  rate.  For 

moderate  temperatures  (T  <<  0),  Qy  approximates  unity  and 
[x]  ~  [X(0)1  .  Usually  the  profiles  of  species  density  and  tempera¬ 
ture  along  a  given  line  of  sight  tend  to  be  more  difficult  to  determine 
than  the  species  column  density  [X]f,Qj  (cm'^)  and  some  average 
kinetic  temperature.  Allowing  these  simplifying  substitutions: 

.2  _! 

Ico^  ss  - — - photons  cm  sec  .  (11-4) 

While  the  spectra  obtained  by  aircraft-  and  balloon-borne  instru¬ 
ments  have  yielded  such  unforeseen  results  as  the  observation  of 
emission  from  methane  (reference  11-1),  and  confirmation  of  the 
presence  of  nitric  acid  (Reference  11-21),  no  anomalies  attributable 
to  LTE  breakdown  at  high  altitudes  —  which  would  be  indicative  of 
insufficient  amounts  of  thermal  molecules  —  have  been  detected.  It 
is  certain  that  in  the  normal  atmosphere  any  such  effect  is  nearly 
impossible  to  demonstrate  unequivocally,  for  two  reasons.  First, 
the  column  density  of  stable  infrared-active  species  above  about 
70  krn  is  likely  to  be  small.  In  addition,  the  kinetic  temperature  is 
so  low  in  the  D-  and  lower  E-regions  that  detection  of  a  thermally 
equilibrated  radiative  contribution  from  the  second  vibrationaiiy 
excited  level  of  a  molecule,  even  assuming  no  further  complication, 
would  still  be  difficult. 

Oxygen  atoms  have  been  shown  accelerate  the  vibrational  re¬ 
laxation  of  both  molecular  nitrogen  (Reference  11-22)  and  molecular 
oxygen  (Reference  11-25).  In  the  E- region  and  above,  O  atoms  are 
a  major  species  and  could  in  principle  aid  in  the  reis nation  of  r  n’i  i 
tive  species  in  the  atmosphere.  As  pointed  out  earlier,  unless  the 
kinetic  temperature  has  been  greatly  increased  by  some  perturbation, 
ihe  practical  importance  of  any  such  relaxation  as  a  means  of  aiding 
the  T-V  energy-transfer  process  is  likely  to  be  minimal.  It  may, 
however,  be  effective  in  quenching  vibrators  excited  by  alternative 
mechanisms.  The  impact  on  each  potential  radiator  must  be  assessed 
as  additional  pertinent  data  become  available. 

11,2.2  Vibrational  -Vibrational  Energy  Tronsfer 

The  exchange  of  vibrational  quanta  between  molecules  (V-V),  in 
the  fashion: 

i 
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X(v=l)  +  Y(v=  0)  -  X(v=0)  +  Y(v=l) 


(11-5) 


is  a  process  which  in  some  disturbed  atmospheric  situations  may 
play  an  important  role  in  the  emission  of  infrared  radiation.  This 
possibility  exists  because  homonuclear  diatomic  species,  such  as 
and  0^  ,  are  both  inf rared- inactive  and  generally  resistant  to 
V-T  deexcitation.  Vibrationally  excited  nitrogen  is  particularly 
likely  to  remain  excited  and  so  to  provide  a  persistent  energy  reser¬ 
voir.  (See  Chapter  20  for  a  much  fuller  discussion  of  the  dynamics 
of  vibrationally  excited  nitrogen.  )  In  addition,  an  important  quenching 
process  for  vibrationally  excited  NO  may  be  V-V  energy  transfer  to 


The  energy-transfer  process  of  Equation  (11-5)  is  known  to  be 
most  efficient  when  species  X  and  Y  have  nearly  equal  vibrational 
frequencies.  Even  in  the  normal  atmosphere,  the  effective  nitrogen 
vibrational  temperature  in  the  E-region  is  believed  to  be  greater 
than  the  local  kinetic  temperature,  i.  e.  ,  Typ0  >  T^-n  ,  but  the  al¬ 
titude  profile  of  Ty^  and  its  response  to  auroral  or  other  pertur¬ 
bations  remain  controversial  (References  11-24,  11-25).  At  alti¬ 
tudes  below  125  km  the  principal  sink  for  nitrogen  vibrational  energy 
is  probably  the  near  -  resonant  transfer  to  CC>2,  with  an  energy 
deficiency  of  only  19  cm'*  (cf.  Chapter  10): 

N  (1)  +  CONOCO)  -  N  (0)  +  CO2(001)  ,  (11-6) 

where  k  ~7  x  lr»  *  cm'*  sec  \  The  process  of  Equation  (11-6)  is 
followed  by  radiation  in  the  infrared  of  the  energy  just  transferred, 
i.  e„: 

CO,(001)  -  COJOOO)  +  ht/(2349  cm*1)  ,  \“-'S 

t-  £ 

o 

for  which  A  =  400  sec"*  (Table  11-1). 

Hence,  if  Tvjjj  ~  1000  K  at  an  altitude  of  120  km,  [N2(l)]  — 

1,4  x  1010  cm- 3,  the  rate  of  excitation  of  CO,  is  of  the  order  of 
10~~  sec  .  Even  for  this  quite  efficient  process  excitation  is 
collis  ion- limited,  i.  e.  ,  the  radiation  and  excitation  -ates  are  approxi¬ 
mately  equal. 
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The  actual  importance  of  V-V  exchange  in  generating  infrared 
backgrounds  in  a  disturbed  atmosphere  depends  primariiy  upon  the 
effective  vihrational  temperature  achieved  by  the  excited  nitrogen, 
and  also  upon  the  mixing  ratio  of  emitter  species  introduced  into  the 
same  region.  Furthermore,  the  form  of  the  temperature  dependence 
cf  V-V  exchange  processes  is  rather  uncertain,  especially  at  low 
kinetic  temperatures  (Reference  11-20),  No  direct  experimental 
measurements  of  atmospheric  infrared  radiation  for  which  V-V 
exchange  is  required  as  an  excitation  mechanism  appear  to  be 
available. 

Values  of  Zqj  ,  the  number  of  collisions  required  to  bring  about 
V-V  exchange,  are  listed  for  several  pairs  of  interacting  partners 
in  Table  11-2. 


11.2.3  Chemiexcitation  Processes 

Part  or  ail  of  the  energy  output  of  exothermic  interactions  may 
be  distributed  into  the  available  vibrational  degrees  of  freedom  of 
one  or  more  reaction  products.  The  number  of  reactions  for  which 
this  is  known  to  be  true  is  large  and  growing,  with  special  impetus 
in  this  area  corning  from  the  field  of  chemical  lasers.  Following  a 
nuclear  or  other  disturbance,  chemical  reactions  take  place  for 
prolonged  periods  of  time  over  large  volumes  of  the  atmosphere. 

It  is  thus  inherently  plausible  that  chemiexcitation  should  bean 
important  source  of  infrared  background  radiation.  In  the  para¬ 
graphs  which  follow,  some  of  the  chemiexcitation  reaction  products 
which  are  known  or  though*  to  be  important  within  this  context  are 
discussed  specifically. 


11.2.3.1  V1BRATIONALLY  EXCITED 
;  1 Y  ukOX  Y  L  ( <jh*  )  =•= 

One  of  the  best- known  examples  of  chemiexcitation  involves  the 
reaction: 


H  +  O  -  02  +  OH*  , 


(118) 


which  is  mainly  responsible  for  the  OH*  component  of  atmospheric 


*  Throughout  these  discussions,  vibrationally  excited  forms  of 
any  species  X  are  designated  by  X*  . 

/ 

\ 
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radiation  peaking  near  90-100  km,  among  the  brightest  features  of  the 
airglow  (Reference  11-26).  Polanyi  e*  al  (References  11-27,  11-28) 
have  shown  that  most  of  the  OH  produced  in  Reaction  (11-8)  is  chan¬ 
neled  into  the  v=9  level  with  progressively  smaller  rates  of  formation 
in  the  lower  (v<9)  levels.  Shefov  (Reference  11-29)  has  summarized 
and  collated  the  observed  data  on  atmospheric  hydroxyl  emission  anc 
its  dependence  on  geophysical  variables.  From  this  work  it  is  con¬ 
cluded  that  at  least  one  secondary  source  of  OH*  must  be  postulated 
in  order  to  account  for  an  apparent  diurnal  variation  in  the  vibra¬ 
tional  temperature  of  OH*  from  approximately  6000  K  in  the  daytime 
to  about  12,  000  K  at  night,  as  well  as  an  accompanying  intensity 
variation.  Breig  (Reference  11-30)  has  suggested  that  the  process: 

0+H02  -  02  +OH*(vniax  =  6)  (11-9) 


may  play  a  more  important  relative  role  in  the  daytime,  thereby 
accounting  for  the  lower  daytime  vibrational  temperature  (inasmuch 
as  Reaction  (11-9)  tends  to  enhance  the  populations  of  the  lower  vi¬ 
brational  levels  (v£6)  by  contrast  with  the  effect  of  Reaction  (11-8) 
in  preferentially  populating  the  v=9,  8,  7  levels  in  that  order,  as 
noted  above). 


The  problem  of  analyzing  the  important  chemical  systems  under¬ 
lying  OH*  radiation  in  the  atmosphere  is  so  complex  as  readily  to 
justify  continuing  efforts  involving  multi-wa velength  measurements 
in  the  atmosphere  (References  11-31,  11-32),  as  well  as  further 
laboratory  attempts  at  detailed  elucidation  of  the  Reaction  (11-9) 
mechanism.  A  simplified  sample  analysis  involving  Reaction  (11-8) 
will  serve  to  demonstrate  some  of  the  complexities  of  the  problem. 
For  each  vibrational  level  v  of  the  product  OH*  ,  and  considering 

It  ..  ^  1  ■■  i  1.  -  J  n  „  1  1  A  ;  n  n  A  )  ni»  (  f  {  ntM 

HIT  i  dUlO-UVb  11.4111  UU*  IIOIWUUI  U'Ai.UlMOii. 

bor  levels: 


a  1  *  r  knf 


=  k(  v)LHj  [Oj]  +  KQ(v+l)[OH(v+l)]  +  A(v+l)[OH(v+l)] 

-  KQ(v)[OH(v(]  -  A(  v) t OH(  v) -  Kr(  v)[OH(v)]  . 

(i  1-10) 


Here,  k(v)  is  the  rate  constant  for  formation  of  OH*  in  vibra*  anal 
level  v  ,  Kq(v)  is  the  quenching  rate  for  level  v  at  a  given  total 
density  and  composition  of  quenching  species,  "\(v)  is  the  Einr’sin 
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coefficient  for  the  vibrational  transition  v-v-1  ,  and  Kj^(v)  is  the 
chemical  destruction  rate.  Thus  from  the  OH  loss  mechanism: 

kll 

O  +  OH  -  Oz  +  H  ,  (11-11) 

the  destruction  rate  for  OH  is  K^(OH)  =  [O]  ~  10  sec"  *  at  100  km. 

For  the  two  highest  levels  of  OH*  (v=9,  8),  the  steady-state  solu¬ 
tions  are: 


k(9)  LhJ [Oj] 

[OH(9p  =  - 

'  '*ss  K  (9)  +  Kr(9)  +  A(9) 


(11-12) 


and: 


CCH(8)]ss 


k(8)[H][03]  +  (kq(9)  +  A(9))  [01-1(9)1 
Kq(8)  +  Kr(8)  +  A(8) 


(11-13) 


respectively.  As  indicated  above,  the  rate  constants  k(9)  ,  k( 8)  , 
etc.,  are  such  that  the  several  vibrational  states  of  OH*  can  be 
thought  of  as  being  populated  inversely,  i.  e.  ,  from  the  top  down 
(References  11-27,  11-28).  For  altitudes  above  about  70  km  the 
collisional  vibrational  relaxation  process  represented  by  Kq  ;3 
probably  inefficient  for  OH  ,  v/hich  tends  to  preserve  the  initial 
distribution,  aside  from  radiative  cascade  effects.  Therefore 
^vib  >  ^kin  for  OH*  in  the  steady  state,  ir.  agreement  with  the 
observed  brightness  of  this  feature  of  the  airglow  at  90-100  km, 
as  noted  above  (Reference  11-26). 

Furthermore,  since  A  and  are  of  the  same  order  of  mag¬ 
nitude  for  OH  ,  e.  g.  ,  Kj^(OH)~10  sec"^  at  100  km  by  Reaction 
(11-11),  and  A(l)~34  sec"^,  the  actual  values  of  individual  densi¬ 
ties  [OH(v)j  at  each  altitude,  time  of  day,  etc.,  are  dependent 
upon  the  relationships  among  [h]  ,  [O3J  ,  KR(  v)  ,  and  A(v)  ,  ir 
accordance  with  Equations  (11-12),  (11-13),  and  their  counterparts 
for  the  lower  vibrational  levels. 
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il.2.3.2  VIBRATIONALLY  EXCITED 
NITRIC  OXIDE  (NO*) 

Emissions  from  both  NO*  and  NO+*  have  been  observed  i"  the 
spectrum  of  hot  air  resulting  from  an  atmospheric  nuclear  detec¬ 
tion  (Reference  11-3).  Following  atmospheric  disturbances,  both 
species  play  important  roles  in  the  complex  chain  of  deionization 
reactions,  and  act  in  addition  as  potential  sources  of  infrared  radia¬ 
tion  from  chemiluminescent  reactions, 

Hushfar,  Rogers,  and  Stair  (Reference  11-33)  have  measured  the 
infrared  emission  from  the  reaction: 

N(4S)  +  O  -  NO*  +  O  ,  (11-14) 

M 


under  conditions  such  that  the  product  NO*  was  deexcited  more 
rapidly  by  subsequent  interaction  with  N  : 

N  +  NO*  -  N  +  O  ,  (11-15) 

£ 

than  by  radiation.  Assuming  the  rate  of  Reaction  (11-15)  is  inde¬ 
pendent  of  vibrationa'  excitation,  it  can  then  be  shown  (Reference 
ll-34)that  for  most  atmospheric  situations  of  interest,  where  radia¬ 
tive  deexcitation  dominates,  the  total  number  of  infrared  photons 
emitted  around  2.7  firn,  i.  e. ,  in  the  Av^2  (first  overtone)  band,  is 
0.  012  per  occurence  of  Reaction  (11-14).  On  the  other  hand,  if  the 
rate  of  Reaction  (11-15)  increases  with  vibrational  excitation  of  the 
NO*  ,  the  photon  yield  may  be  much  higher  (Reference  11-34). 
Additional  experimental  results  are  anticipated  (Reference  11-33), 
with  improved  spectral  resolution,  in  an  attempt  to  determine  the 
individual  vibrational-level  rate  constants  k(v)  for  Reaction  (11-14). 
An  additional  source  of  NO*  which  may  be  important  in  disturbed 
atmospheres  is  the  fast  reaction: 

N(ZD)  +  02  -  NO*  +  O  ,  (11-16) 

for  which  a  value  of  the  chemiluminescent  yield  is  needed. 

The  previously  mentioned  (cf.  Section  11.  1)  anomalously  high 
density  of  NO  detected  in  an  auroral  arc  (Reference  11-4)  is  es¬ 
pecially  significant.  The  reactions  leading  to  its  formation  in  the 
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aurora  have  not  yet  been  identified,  but  unusually  high  production 
rates  are  required  to  account,  during  the  auroral  time  scale,  for 
the  observed  NO  density,  viz.  ,  3,  8  x  10  cm"J  at  120  km,  as  com¬ 
pared  with  approximately  10^  cm'^  at  the  same  altitude  in  the  undis¬ 
turbed  atmosohere.  The  reactions  producing  NO  are  necessarily 
fast,  therefore  exothermic,  and  consequently  likely  to  be  chemi¬ 
luminescent. 


1 1. 2.  3.  3  V1BRATIONALLY  EXCITED 
OZONE  (o|) 

Another  potentially  important  source  of  chemiluminescent  infrared 
radiation  in  a  disturbed  atmosphere  is  O3  .  The  probable  formation 
reaction  is  the  three-body  recombination  process: 

O+O  +M-0*+M  .  (11-17) 

Cm  J 


No  information  has  yet  come  to  light  as  to  the  distribution  of  the 
exothermicity  ( 1 . 04  eV)  of  Reactior  (11-17)  among  the  three  available 
vibrational  modes  (cf.  Table  11-1).  Degges  (Reference  11-35)  has 
argued  qualitatively  that  perhaps  one  V3  quantum  per  recombination 
may  be  emitted. 


Further  with  regard  to  the  role  of  ozone  chemistry  in  the  atmo¬ 
sphere,  certain  interesting  speculations  have  centered  upon  the  iden¬ 
tity  of  an  "ozone  precursor",  identified  by  ultraviolet  absorption  at 
~3000  A  in  the  spectrum  of  oxygen  which  had  been  subjected  to  pulse 
radiolysis  (References  11-36,  11-37).  The  evidence  is  at  least  par¬ 
tially  consistent  with  the  unknown  precursor's  being  O3  .  Adding 
further  to  the  interest  of  this  possibility  is  the  observation  by 
Krueger  (Reference  11-38)  of  otherwise,  unexplained  atmospheric 
solar  attenuation  in  broadly  the  same  wavelength  region  at  altitudes 

above  40  km.  Noxon's  contention  (Reference  11-39)  that  none  of  the 
1+1  3  - 

species  Ogfb  Eg,  a  Ag»  X  Eg  ( v ~  1 1 ) )  is  acceptable  as  a  possible 
cause  of  the  anomalous  absorption  lends  further  credence  to  the 
idea  that  O3  may  be  responsible. 


11.2.3.4  VIBRATIONALLY  EXCITED 
METAL  OXIDES  (MeO*) 

The  debris  of  nuclear  detonations  includes  metallic  matter  which 
originates  in  the  structures  of  both  the  nuclear  devices  and  their 
carriers.  If  exothermic  reactions  take  p:ace  between  such  metallic 
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substances  and  ambient  atmospheric  species,  then  the  likelihood  of 
chemiluminescent  processes  is  enhanced.  Assuming  the  debris 
species  to  be  primarily  atomic  metals  (Me),  reactions  of  two  types: 

Me  +  D2  -  MeO  +  O  ,  (11-18) 


and: 


Me  +  Oz  +  M  -  MeO?  +  M  ,  (11-19) 

are  expected  to  participate  in  the  formation  of  metal  monoxides  and 
dioxides,  respectively.  These  oxides  may  be  formed  with  vibra¬ 
tional  excitation,  to  a  degree  depending  partially  on  the  exothermicity 
of  Reactions  (11-18)  and  (11-19)  for  specific  metals.  It  is  noteworthy 
that  even  the  endothermic  oxide-forming  reaction: 

Fe  +  O  -  FeO  +  O  ,  (11-20) 

Cd 

the  only  such  case  for  which  data  are  available,  evidently  has  a 
pre-exponential  factor  close  to  the  gas-kinetic  cross-section,  and 
an  activation  energy  approximating  the  endothermicity  of  the  reaction 
(References  11-15,  11-40).  This  tends  to  reinforce  the  a  priori 
assumption  that  Reaction  (1.1-18),  at  least,  may  be  fast  for  many 
metals,  and  therefore  of  interest  to  the  overall  atmospheric  radia¬ 
tion  problem . 

11.3  RADIATIVE  EXCITATION 

11.3.1  Direct  Infrared  Excitation: 

Earththire  and  Suns.hin®1 

In  order  that  the  earth  be  in  radiative  equilibrium  with  the  sun  it 
must  emit  radiation  at  the  same  rate  as  a  250  K  blackbody.  The 
spectra  shown  in  Figures  11-5  and  11-6  indicate  that,  as  sensed  at 
high  aititude,  it  is  more  nearly  a  graybody  with  valleys  in  its  spec¬ 
tral  emission  pattern  wherever  the  stronger  absorption  bands  of 
infrared-active  atmo spheric  gases  occur.  The  spectral  distribution 
of  blackbody  isothermals  between  200  and  300  K  are  also  indicated 
in  Figures  11-5  and  11-6.  Figure  11-7  compares  the  irradiance  of 
the  quiet  sun  at  the  top  of  the  atmosphere  with  that  of  2  50  and  300  K 
blackbodies.  It  will  be  noted  that  from  approximately  the  vicinity 
of  5  Jim  to  longer  wavelengths  the  earthshine  appears  to  be  the  more 
important  source  of  vibrational  excitation. 
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Figure  11-5.  Eorthshine  in  the  1000-1450  cm  region  (Reference  11-41). 
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Figure  11-6.  Eorthshine  in  the  400-1000  cm"  region  (Reference  11-41), 
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Among  the  entries  in  Table  11-1  the  metal  oxides  are  most  sus¬ 
ceptible  to  this  source  of  excitation,  since  their  fundamentals  tend  to 
fall  near  the  peak  of  the  earthshine  irradiance  spectrum.  For  each 
volume  element  in  the  atmosphere,  the  fraction  of  optically  active 
molecules  under  irradiation,  which  are  excited  per  second,  can  be 
shown  to  be  (Reference  11-13): 

Nex  .53 

F  =  —  a  1.87x  10  S  ,  (11-21) 


where  is  the  wavelength  (Jim),  R^  is  the  irradiance  (watts  cm"^ 
Jim’1)  incident  upon  the  v  lu  pe  element  from  the  source  considered 
(viz.,  in  this  instance,  earthshine),  and  5  is  the  integrated  band 
strength  of  the  transition  (cm'*'  atm*1). 


Assuming  the  entire  volume  .o  be  optically  thin  to  the  incident 
radiation,  the  excitation  rate  along  a  line  of  sight  through  an  atmo¬ 
spheric  volume  is  F  x  Ncoj  excitations  sec*1  cm'*1,  where  Ncoi  - 
column  density  (cm*1)  of  molecules  under  excitation.  Inasmuch  as 
the  Einstein  coefficient  A  of  typical  metal  oxides  is  of  the  order  of 
5-10  sec“l  (Table  11-1),  the  rate  constant  for  a  quenching  process 
such  as: 


MeO(v=l)  +  M  -  MeO(v=0)  +  M 


(11-ZZ) 


would  have  to  be  of  the  order  of  10-1^  cm1  sec-1  in  order  for  colli- 
sional  quenching  to  be  competitive  with  spontaneous  radiation  at 
altitudes  above  100  km.  However,  quenching  rate  constants  of  this 
magnitude  are  not  expected;  therefore  the  radiative  excitation  rate 
is  gener'lly  likely  to  be  the  emitted  radiation  rate  Thus  for  example, 
for  AiO  in  the  10.  4-jjm  band  the  result  is  that: 


U.  t 


[A£Q 


col 


(11-23) 


11.3. 2  Electronic-Transition 
Cascode  Excitation 

It  appears  that  for  many  metal  monoxides  significant  rates  of  vi¬ 
brational  excitation  can  be  achieved  by  solar- . nduced  fluorescence. 
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The  typical  MeO  has  an  accessible  upper  electronic  state  MeO(A), 
such  that  the  wavelengths  of  the  &v=0,  +1,  +  2  sequence  in  the 
MeO(  A)  AyfeO(X)  transition  occur  at  or  near  the  broad  maximum  of 
the  solar  continuum,  viz..  3500-75C0  A.  Groups  of  transitions  of 
the  following  types: 

MeO(X,  v"=0)  +  hl/solar  -  MeO(A,  v'}  ;  (11-24) 

MeO(A,v‘)  -  MeO(X,  v”>l)  +  ht/f,  (t'f<Ps)  ;  (11-25) 


are  effective  in  populating  upper  vibrational  levels  in  the  ground 
electronic  state  MeC(X)  .  The  normalized  rate  of  MeO(X)  -*MeO(A) 
transitions  in  this  case  is: 


d[MeO(A)]/dt 
[MeO  J 


1. 87  x  10'5  R,  S  X3  sec'1 
Xfie  e  e 


(11-26) 


where  Xg  is  the  "center  wavelength"  (jin)  of  the  MeO( A)  MeO(X) 
transition,  S£  is  the  integrated  intensity  (cm'^  atm"1)  of  the  same 
transition,  and  R^  is  the  solar  irradiance  (watts  cm'^  pm'1) 
upon  the  atmosphere  at  Xe  .  Relationship  (11-26)  is  an  approximate 
one  because,  for  simplicity,  all  v"-*v'  transitions  are  treated  to¬ 
gether  in  this  calculation.  In  reality  Xe  ,  Sg  ,  and  R^e  all  depend 
to  some  extent  on  the  exact  vibrational,  transition  involved.  Actually, 
with  a  careful  choice  of  Xe  the  above  calculation  is  good  to  better 
than  a  factor  of  two. 

In  order  for  this  process  to  be  important,  MeO(  A)  —  MeO(X)  must 
be  an  allowed  transition;  then  the  radiative  lifetime  nf  MeO(A)  is 
small  enough  that  collisional  quenching  can  be  ignored  at  the  altitudes 
of  interest. 

To  a  first  approximation,  the  mean  number  of  vibrational  quanta 
excited  in  MeO(X)  by  the  fluorescence  process  is  simply  a  function 
of  the  Franck  - Condon  factors  governing  the  ele'-t.onic  transition: 


(11-27) 


Neglecting  collisional  quenching,  the  normalized  rate  of  infrared 
emission,  due  to  solar  fluorescence,  is: 
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dChJ^Oll/dt 

[MeO] 


I.87xl0-5XJ  S0  RXlle 


(11-28) 


and  in  the  case  of  A/O: 


dCM,|1[o/Ltoir1]/dt  *  °-°6  •ec"1 


(11-29) 


The  numerical  result,  (11-29),  is  based  on  an  f-value  of  0.  014  for 
the  AlO(  A)  *-•  A£0(X)  transition,  consistent  with  theoretical  calcula¬ 
tions  of  Michels  (Reference  11-42). 

Metal  oxides  are  not  the  only  species  of  interest  which  can  achieve 
significant  excitation  rates  through  fluorescence  mechanisms.  Rort- 
ner  et  al  (Reference  11-43)  have  compared  various  radiative  and 
collisional  excitation  mechanisms  involving  atmospheric  nitric  oxide, 
and  have  described  in  detail  the  calculation  of  solar  infrared,  solar 
electronic,  and  earthshine  infrared  radiation  rates  for  that  species. 

11.4  RADIATIVE  PROCESSES  IN 
LOW-DENSITY  PLASMAS* 

For  atmospheric  plasmas  of  low  density  (<10^  cm"')  and 
moderate  temperature  (<10,  000  K),  there  exist  basically  four  pro¬ 
cesses  which  need  to  be  considered  in  computing  the  emissivity  for 
wavelengths  comparable  to  or  longer  than  those  in  the  visible  re¬ 
gion  of  the  spectrum,  viz.  ,  ion  and  neutral  Br emsstrahlung,  and 
radiative  and  collisional-radiative  ret  mbination.  The  present  dis¬ 
cussion  is  Limited  tc  theoretical  technique;,  useu  to  evaluate  the 
emissivities  due  to  these  processes. 

Although  omitted  from  consideration  here,  certain  other  processes 
may  be  important  in  specific  instances.  For  example,  in  an  oxygen 
plasma,  electron  attachment  to  the  neutral  atom  to  form  O  must  be 
ta'sen  into  consideration  for  wavelengths  of  the  order  of  7500  A  or 
shorter. 


*  For  the  writing  of  this  section,  the  authors  are  indebted  to 
J.  W.  Cooper,  ox  the  National  Bureau  of  Standards. 
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11.4.1  Ionic  Bremsstrahlung  c.id  Rudiotive 
Recombinotion  (Free-Free  and 
Free -Bound  Emission 


The  rate  of  emission  for  both  of  these  processes  may  be  calculated 
exactly  for  electrons  scattered  by  or  recombining  with  hydro- 
genic  ions  (Reference  11-44).  For  practical  calculations  it  is  con¬ 
venient  to  use  the  semi- classical  expressions  due  to  Kramers 
(Reference  11-45)  for  the  emission  rates  for  both  processes,  and  to 
express  deviations  from  the  semi-classical  results  in  terms  of  Gaunt 
factors  which  depend  on  the  frequency  of  emission.  A  full  treatment 
of  the  problem  along  these  lines  has  been  given  by  Griem  (Reference 
11-46)  and  the  frequency  dependence  of  the  Gaunt  factors  has  been 
studied  by  Karzas  and  Latter  (Reference  11-47).  lathe  spectral 
range  considered  here  the  Gaunt  factors  can  be  taken  as  unity.  With 
th’s  assumption  and  a  Maxwellian  distribution  of  electron  velocities 
the  emission  rate  per  unit  frequency  range  for  hoth  processes  is 
given  by  the  simple  frequency- independent  expression  (Reference 
11-48): 


6 

321T  e 


n  n. 
e  x 


c3(6Trm)1*5  (kT)0'5 


(11-30) 


or  in  practical  units  by: 


<X  B 


1.63x10  *  n  n. 

e  1  -3  -l-l 

- - - - watts  cm  ster  pm 

X2T°’  b 


(11-31) 


where  the  waveiengi.ii  X  is  eApi  esseu  in  jJi iVi  ,  the  electron  and  icr. 
densities  ne  and  n-  in  cm'2,  and  the  temperature  in  K. 

Despite  the  simplicity  of  these  relationships,  they  are  expected 
to  provide  an  adequate  first-order  treatment  of  emissivity  for  most 
plasmas  in  the  range  of  wavelengths,  temperatures,  and  electron 
densities  considered  here.  Deviations  from  Equation  (11-31)  owing 
to  the  use  of  unit  Gaunt  factors  are  not  expected  to  lead  to  serious 
errors  for  wavelengths  longer  than  those  in  the  visible  region.  For 
example,  Anderson  and  Griem  (Reference  11-49)  have  investigated 
the  deviations  to  be  expected  for  helium  plasmas  at  20,  000  K  and 
find  less  than  ten  percent  discrepancies  for  wavelengths  longer  than 
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5000  A ,  Equation  (11-31),  or  the  more  complicated  expressions  in¬ 
cluding  Gaunt  factors  given  by  Griem  (Reference  11-46),  can  be  cor¬ 
rected  in  the  case  of  non-hydrogenic  plasmas,  by  multiplying  by  a 
temperature-  and  wavelength-dependent  factor  (Reference  11-50). 
Such  computations  ha\e  been  carried  out  for  rare-gas  plasmas  and 
for  oxygen  and  nitrogen  (References  11-51,  11-52).  The  results  for 
argon  (Reference  11-51)  at  8000  and  16,  000  K  show  deviations  of 
greater  than  a  factor  of  two  in  the  visible  region  of  the  spectrum  and 
deviations  of  the  order  of  ten  percent  or  less  for  ohe-jtm  wavelengths. 

At  shorter  wavelengths  and/or  at  lower  temperatures,  Equation 
(11-31)  may  not  be  adequate  if  the  detailed  wavelength  dependence 
i3  needed,  since  in  these  circumstances  the  equation  smooths  out 
the  variations  —  actually  somewhat  jagged — caused  by  the  discrete 
nature  of  the  bound  levels.  In  such  cases  the  contribution  of  free- 
free  transitions  and  of  recombination  to  each  bound  level  must  be 
estimated  separately  (Reference  11-52).  A  systematic  procedure 
for  carrying  out  calculations  of  this  type  has  been  described  by 
Griein  (Reference  11-46).  The  emissivity  for  recombination  into 
a  particular  level  n l  at  frequency  V  (sec**)  is  expressed  as: 
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(11-32) 


where  gn£  and  g^on  are  the  statistical  weights  of  the  recombining 
level  n l  and  the  ionic  ground  state,  respectively,  and  Ej^  is  the 
binding  energy  of  level  nX  .  The  quantity  On^(V)  is  the  cross-sec¬ 
tion  for  photoabsorption  for  an  initial  state  n£  ,  the  inverse  process 
of  recombination.  These  cross- sections  may  be  est'mat-pH  hy  quan¬ 
tum-defect  methods  (Reference  11-53).  For  most  purposes  it  is 
adequate  to  do  this  for  only  the  lowest  excited  states  to  which  recom¬ 
bination  is  allowed  and  to  use  the  relationship  pertaining  to  hydro- 
genic  species: 
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(11-33) 


for  higher  levels. 
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If  Equation  (11-32)  is  used  for  the  free-bound  emissivity,  the  free- 
free  emissivity  must  be  estimated  separately.  This  is  given  by  the 
Kramers  relation  (Reference  11-54): 


ff 


2  A 

327  e  n£n|  exp(-ht'/KT) 
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(11-34) 


or  alternatively  in  practical  units  as: 
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(11-35) 


by  analogy  with  Equations  (11-30)  and  (11-31),  respectively.  Detailed 
calculations  of  the  emissivities  of  oxygen  plasmas  have  been  carried 
out  using  this  approach,  by  Sappenfield  (Reference  11-53).  Some  of 
his  results,  at  three  different  temperatures,  are  presented  in  Figures 
11-8  through  11-10.  For  wavelengths  longer  than  one  Jim  Equation 
(11-31)  is  probably  adequate  for  most  practical  applications.*  For 
example,  Sappenfield1  s  results  (Reference  11-53)  deviate  no  more 
than  ten  percent  from  those  calculated  using  Equation  (11-31),  for 
wavelengths  of  10  jim  in  the  500-6000  K  temperature  range. 


1  i  .4.2  Neutrol  Bremssbohiung 

Calculations  of  neutral  Rr evns strahlung  are  generally  more  dif¬ 
ficult  to  perform  than  the  analogous  calculations  for  ions,  for  two 
reasons.  First,  the  simplest  case,  viz.  : 

e  +  H  -•  e  +  II  4  1  V  ,  (11-36) 


involves  a  two-electron  problem,  so  that  an  accurate  analytic  theory 
cannot  be  given  as  in  the  case  of  positive-ion  Dremsstrahlung. 


*  Equations  (l  1  -  30)and  (1 1- 3  1)  are  only  valid  tor  trequencies  well 
above  .he  plasma  frequency.  For  a  discussion  of  the  problem  for 
extremely  long  wavelengths,  see  Reference  11-44,  pp.  121  ff. 
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Figure  11-9,  Colculoted  emissivities  af  oxygen  plasma  at  2000  K 
(Reference  11-53). 


WAVELENGTH  (^m) 

Figure  11-10,  Calculated  emissivities  af  axygen  plasma  at  6000  K 
(Reference  11-53). 
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Second,  since  negative  ions  possess  at  most  a  few  bound  states, 
quantum-defect  methods  cannot  be  used  to  compute  the  recombina¬ 
tion  emissivity  if  negative-ion  formation  is  possible.  * 

Quantum-mechanical  calculations  of  neutral  Bremsstrahlung  or 
the  related  free-free  absorption  process  for  hydrogen  have  been 
carried  out  (References  11-55  through  11-57),  and  the  results  are 
reported  in  a  study  of  the  emissivity  of  LTE  hydrogen  plasma 
(Reference  11-58).  Among  the  species  important  in  air  chemistry, 
detailed  calculations  have  been  carried  for  atomic  nitrogen  and 
oxygen  by  Mjolsness  and  Ruppel  (Reference  11-59).  Using  the 
assumption  that  the  emission  rate  is  proportional  to  the  final  electron 
velocity,  they  derive  an  equation  for  the  emissivity: 


C,  =  2.402  x  10“31  CT  n  n.  0"3'  3  (u+2)u^  exp(-u) 
A  o  c  l 


-3  -1  -1 

watts  cm  ster  Jim 


(11-37) 


where  0=  5049/T  ,  u=  2.  8550/X  ,  and  is  a  constant  which  for 
atomic  oxygen  and  nitrogen  has  values  of  7.  1  x  10  and  8.  0  x  10  , 

respectively.  The  accuracy  of  Equation  (11-37)  is  difficult  to  assess 
since  little  work  of  comparable  sophistication  has  been  done  for 
neutral  low-energy  Bremsstrahlung  (see,  however.  Reference  11-60). 
Equation  (11-37)  is  prohably  accurate  to  better  than  a  factor  of  three 
for  wavelengths  shorter  than  one  Jim  within  the  electron- energy  and 
temperature  ranges  considered  here,  and  should  be  more  accurate 
at  longer  wavelengths.  It  should  provide  only  order-of-magnitude 
estimates  at  shorter  wavelengths  and  lower  temperatures, 

Nn  calculations  starting  from  first  nrincmles  have  been  carried 

*  * 

out  for  free-free  emission  involving  molecules.  A  simplified  ex¬ 
pression  relating  the  emission  rate  to  the  product  of  momentum- 
transfer  cross-section  times  the  initial  electron  energy  has  been 
derived  semi- classically  by  Zel’dovich  and  Raizer  (Reference  11-61) 
and  has  been  used  in  the  computation  of  emission  from  both  atoms 
and  molecules  (References  11-59,  11-62,  11-63).  The  same  result 
can  be  obtained  through  a  consideration  of  the  asymptotic  represen¬ 
tation  of  the  quantuin-mechanical  expression  for  the  Bremsstrahlung 
rate  (References  11-64,  11-65).  Such  asymptotic  representation 


*  Recombination  to  form  negative  ions  is  not  considered  here. 
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shows  further  that  the  correct  form  for  the  Bremsstrahlung  rate  is: 


dq 

dV 


4e 

3c' 


[E.am(Ef)  *  Vm(E.)]  , 


(11-38) 


(which  reduces  to  Zel'dovich  and  Raizer's  result  (Reference  11-61) 
when  Ej  —  E^)  where  Ej  and  Ej  are,  respectively,  the  initial  and 
final  electron  energies,  and  Orrs  is  the  momentum-transfer  cross- 
section.  Provided  the  Bremsstrahlung  rate  is  not  seriously  affec¬ 
ted  by  resonant  effects,*  the  emissivity  for  ail  air  species  may  be 
calculated  using  Equation  (11-38),  or  its  long -wavelength  limit, 
from  measured  or  calculated  momentum-transfer  cross-sections. 
This  has  been  done  by  Kivel  (Reference  11-63)  for  both  atomic  and 
molecular  oxygen  and  nitrogen.  The  accuracy  of  this  procedure 
was  investigated  experimentally  by  Taylor  and  Caledonia  (Reference 
11-67),  who  found  agreement  within  a  factor  of  about  ten. 


11.4.3  Collisional -Radiotive  Recombination 


In  a  recombining  plasma  the  rate  of  recombination  is  determined 
by  radiative  recombination  (free-bound  processes)  only  if  the  elec¬ 
tron  density  is  sufficiently  low  that  electron- atom  collision  proce sse s 
can  be  neglected.  In  the  range  of  temperatures  and  electron  densi¬ 
ties  considered  here  the  rate  of  recombination  is  considerably  en¬ 
hanced  owing  to  the  effect  of  such  collisions.  The  emissivity  of  a 
recombining  plasma  is  also  enhanced  since  in  the  recombination 
process  a  quasi- equilibrium  distribution  of  excited  atomic  states 
occurs  which  emits  via  decay  to  lower  states  (bound-bound  emission). 
Calculations  of  the  emissivity  due  to  this  process  therefore  depend 
on  e3timat.es  of  the  population  of  excit  d  states  in  the  recombining 


pluS  aT: t*  * 


A  r*  j 

«  »  r  vv  ' 


>  ■*>  +  i  vs  ♦  Vk  n  r,  v  ^  ^  r>f  O  f  A  ^  f  1  OTA 


has  been  given  by  Bates,  Kingston,  and  McWhirter  (References 
11-68,  11-69).  This  procedure  consists  of  setting  up  rate  equations 
to  describe  the  population  changes  among  neutral  atomic  levels  which 
occur  as  a  result  of  electron  excitation  or  deexcitation  and  radiative 
decay.  Three  assumptions  are  made  in  the  solution  of  these  equa- 


*  Resonance  effects  greatly  enhance  the  probability  of  vibrational 
excitation  by  electron  impact  at  electron  energies  below  three 
electron  volts  for  both  and  •  See  Reference  11-66.  The 
effect  on  emissivities  has  not  been  explored. 
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tions,  viz.  :  the  populations  of  highly  excited  levels  above  some  large 
principal  quantum  number  are  assumed  to  be  in  Saha  equilibrium 
with  the  plasma;  either  all  the  radiation  emitted  in  the  decay  pro¬ 
cess  is  assumed  to  escape  from  the  plasma  or  it  is  assumed  opti¬ 
cally  thick  in  strong  ( resonance -line)  transitions;  and  neutral 
collision  processes  are  neglected. 

Detailed  calculations  of  emissivities  due  to  bound-bound  transi¬ 
tions  in  recombining  plasmas  have  been  carried  out  only  for  hydro¬ 
gen  { Refer  ence  1 1  -  53),  oxygen(Reference  1 1-53),  and  helium  plasmas 
(Reference  11-70).  The  results  for  oxygen,  illustrated  in 
Figures  11-8  through  11-10,  indicate  that  at  low  temperatures 
(<6000  K)  the  bound-bound  emission  is  probably  the  most  intense 
type  of  radiation  in  a  recombining  plasma. 

The  accuracy  of  calculations  of  bound- bound  emissivities  cannot 
be  estimated  easily  since  the  coefficients  of  the  rate  equations  which 
determine  the  excited  neutral  populations  are  obtained  from  theoreti¬ 
cal  calculations  of  uncertain  accuracy.  Indirect  evidence  of  the 
validity  of  the  calculations  for  oxygen  and  helium  plasmas  has  been 
obtained  by  comparing  the  results  with  experimentally  determined 
le/el  populations.  Sappenfield  (Reference  11-  71)  has  compared 
level  populations  computed  for  an  oxygen  plasma  with  those  obtained 
from  visible  observations  of  a  nuclear  event.  He  finds  good  agree¬ 
ment  in  the  relative  populations  obtained  by  both  methods.  Johnson 
and  Hinnov  (Reference  11-70)  have  applied  the  same  procedure  to  a 
hel’um  plasma  and  compared  calculated  results  with  the  observed 
level  populations  obtained  by  emission  of  light  in  a  helium  afterglow. 
They  find  it  necessary  to  modify  considerably  the  classical  electron 
collision  cross-sections  in  order  to  obtain  agreement  with  the  level 
populations  determined  experimentally. 

Arnold  the  three  assumptions  noted  above,  that  relating  to  Saha 
equilibrium  was  checked  by  varying  the  quantum-number  level  above 
which  it  was  assumed  that  Saha  equilibrium  prevails.  No  appreciable 
error  was  noted  thereby.  In  addition,  alternative  calculations  were 
carried  out,  assuming  the  plasma  to  be  either  transparent  or  opaque 
to  resonance  radiation  (References  11-68,  11-69).  Considerable  de¬ 
viations  in  the  populations  of  low-lying  states  occurred  as  a  result  of 
these  alternative  treatments.  Finally,  the  effect  of  neutral  collisions 
on  emissivity  has  been  studied  theoretically  by  Collins  (Reference 
11-72),  but  has  not  been  investigated  experimentally. 
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11.5  CONCLUSIONS 

Atmospheric  radiative  processes  are  directly  related  to  the 
overall  chemistry,  in  both  the  normal  and  disturbed  atmospheres. 

At  low  altitudes  the  mechanism  of  T-V  energy  transfer  is  fast 
enough  to  maintain  LTE  vibrational  populations  of  ambient  infrared- 
active  species,  and  therefore  thermal  radiation  is  dominant.  Thus 
for  any  given  emitter  the  important  unknown  is  the  profile  of  its 
mixing  ra‘io.  Somewhere  above  70  km  the  collision  frequency  drops 
to  a  value  low  enough  that  LTE  is  no  longer  preserved.  At  about 
the  same  altitude,  other  excitation  processes  besides  T-V  energy 
transfer  become  important.  These  include:  V- V  processes  such  as 
the  excitation  of  CC>2  by  n|  (Equation  11-6);  a  wide  variety  of 
possible  chemiluminescent  reactions;  and  fluorescence  due  to  sun¬ 
shine  or  earthshine. 

In  low-density  plasmas,  the  important  processes  include  neutral 
and  ionic  Br emsstrahlung  (free-free  emission),  radiative  recom¬ 
bination  (free-bound  emission),  and  line  emission  (bound -bound 
emission)  due  to  collisional-radiative  recombination.  In  atmospheric 
plasmas  below  6000  K  the  bound-bound  emission  probably  dominates. 

Much  remains  to  be  done,  both  to  understand  the  phenomenology 
of  normal  and  perturbed  atmospheric  radiative  processes,  and  to 
develop  soundly  based  and  accurate  methods  for  calculating  the 
emissivity  of  lew-density  plasmas. 
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APPENDIX  I:  BAND  SHAPES  AND  BAND  WIDTHS 

The  shape  and  width  of  a  given  band  depend  on  its  rotational 
temperature,  which  is  usually  related  in  turn  to  the  local  kinetic 
temperature.  The  number  of  bands  contributing  radiation  depends 
on  the  effective  vibrational  temperature.  These  points  are  illus¬ 
trated  in  Figure..  11-11  through  11-14,  for  the  spectrum  of  CO  ,  in 
the  range  4.  30-5,  30  {Uin.  A  rough  approximation  to  the  width  of  a 
particular  emission  band  may  be  taken  as  the  distance  between  the 
peaks  of  the  P  and  R  branches.  It  can  be  shown  that  the  width  thus 
defined  is: 


LV  *  2.  35(BTrot)°*  5  cm'1 


(11-39) 


where  3  is  the  rotational  constant  of  the  emitting  state  and  Trot 
the  rotational  temperature.  The  band  origin  of  the  (1-0)  transition 
as  given  in  Table  11-1  is  at: 


UQ  =  we  '  2“exe  cm 


(11-40) 


where  We  and  Wexe  are,  respectively,  the  vibrational  constant  and 
the  first  anliarmonic  correction  term.  Succeeding  band  origins  of 
(2-1),  (3-2),  etc.,  are  displaced  by  v(2u>exe)  cm‘l  where  v  is  the 
vibrational  quantum  number  of  the  lower  state.  The  UQ  and  3  data 
in  Table  11-1  are  adequate  for  rough  calculations  of  both  band  loca¬ 
tion  and  band  width.  For  polyatomic  species,  which  have  more  than 
one  rotational  constant,  the  one  given  in  Table  11-1  is  the  largest 
value  for  the  species. 


n-35 


Figure  1  1-12.  CO  spectral  band  shapes  in  the  4.30-5. 30  ^im  range  (vibrational 
temperature  =  1000  K;  ratatiana!  temperature  =  1000  K). 
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APPEND’Xt!;  RE50NANCE  FLUORESCENCE 
EXCITA't ION  RELATIONSHIPS 

Following  ai  e  a  group  of  definitions  and  equations  which  are  use¬ 
ful  in  calculating  infrared  emission  rates  of  gases: 


A.  Definitions 

„  -2  -1. 

5  (  cm  atm  } 

-  .  -2  -1. 

(cm  atm  } 

f 

K.  ,  -2, 

Ncol(cm  > 

X  (Mm) 

A  (sec'*) 

-2  - 1  - 1 
B  (watts  cm  ster  )lm  ) 

-2 

R.  or  B.  (watts  cm  um 
AM  \pe  '  * 

y 


Integrated  bandstrength  of  a 
transition 

Bandstrength  of  an  electronic 
transition 

Oscillator  strength  or  "f-value" 
of  a  transition 

Column  density  of  a  radiating 
species 

Wavelength  of  a  transition 

Einston  spontaneous  radiative 
transition  probability 

Sxirface  brightness  of  aradiating 
volume 

)  Irradiance  falling  upon  a  sur¬ 
face  from  either  earthshine  or 
sunshine,  respectively. 

Fraction  of  molecules  in  an 
irradiated  column  excited  per 
second  under  the  influence  of 
sunshine  irradiance 


3.  Equations 

S  =  0  357  A  =  2.  38  x  107  f 
-  j  q  -  1 

h  V  -  1.98x10  A  watt-sec  phou  n 

n 
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F  x  Ncoi  -  excitation  rate  rJong  a  line  of  sight 

B  *  F  Nco,  hy/4ff  =  2.94  x  10'25  X2  S  Ncol  , 

in  the  absence  of  quenching 
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12.  PHOTOCHEMICAL  PROCESSES: 
CROSS-SECTION  DATA 

Robert  E.  Huffman,  Air  Farce  Cambridge  Research  Laboratories 
(Latest  Revision  8  June  1971) 


12.1  I.VRCDUCTION 

The  ultraviolet  photon  absorption  processes  are  an  important  pro¬ 
duction  mechanism  for  electrons,  ions,  and  atoms  in  the  atmosphere. 
These  products  serve  as  the  reactants  in  ion-molecule,  recombina¬ 
tion,  chemiluminescent,  and  other  reactions  discussed  in  this  Hand¬ 
book.  Under  >  ormal  atmospheric  conditions,  the  ultraviolet  photon 
absorption  processes  are  the  major  energy  deposition  mechanism 
for  solar  energy  in  the  upper  atmosphere,  althoughx-ray  and  particle 
reactions  may  be  more  important  under  special  conditions.  Fol¬ 
lowing  a  nuclear  detonation,  energy  in  the  form  of  ultraviolet  photons 
is  deposited  by  absorption  in  the  atmosphere  and  leads  to  the  produc¬ 
tion  of  ions  and  electrons. 

In  this  chapter,  the  most  important  photon  absorption  processes 
related  to  the  interests  of  DNA  have  been  selected,  and  data  from 
spectroscopic  research  on  cross-sections,  ionization  thresholds, 
etc.  ,  are  given.  The  wavelength  region  considered  is  approximately 
3500  to  10  A.  (Data  to  1  A  are  found  in  Chapter  13.  )  The  upper 
wavelength  is  approximately  the  ultraviolet  limit  of  solar  radiation 
absorbed  by  some  constituent  of  the  atmosphere.  Wavelengths  less 

+  Klfitl  A  a  rnrrml«atp|\t  aKcnrfi  r*r\  in  fhp  imn  c*  r*  atmncnVipr  p  .SinCP 

k,  “*‘  “  /  -  *  *  w  ' —  - - - —  - r  r  "  -  —  —  A- - 

the  shorter  wavelengths  in  the  range  given  are  generally  absorbed 
high  in  the  atmosphere  and  are  not  available  at  lower  altitudes,  a 
further  selection  has  been  made  of  wavelength  regions  where  especi¬ 
ally  important  atmospheric  absorption  is  known  to  occur. 

This  general  research  area  is  also  of  importance  to  reaction  rate 
studies  in  other  ways.  Ultraviolet  spectroscopy  measures  energy 
levels,  characterizes  excited  states,  and  yields  potential  curves. 
Dissociation  energies,  transition  probabilities,  and  ionization  thres¬ 
holds  may  be  obtained.  All  of  this  information  is  intimately  related 
to  the  study  of  reaction  rates.  In  addition,  the  highly  specific  nature 
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of  ultraviolet  spectroscopy  has  led  to  its  use  as  a  tool  in  detecting 
transient  species  and  measuring  reaction  rates. 

.2.2  TYPES  OF  ABSORPTION  PROCESSES 

When  an  ultraviolet  photon  is  absorbed  by  a  molecule,  several 
processes  may  occur,  as  shown  in  Table  12-1.  Generally  speaking, 
the  minimum  energy  required  for  these  processes  increases  as  one 
proceeds  down  the  list  of  reactions  in  the  table;  however,  the  rela¬ 
tive  importance  of  the  various  processes  and  the  threshold  wave¬ 
length  depend  on  the  detailed  electronic  structure  of  the  molecule. 

For  example,  a  dissociation  process  may  not  occur  even  when 
energetically  permissible  because  of  the  absence  of  a  suitable  repul¬ 
sive  state.  The  processes  in  Table  12-1  also  may  occur  when  the 
absorber  is  an  atom,  with  the  obvious  exceptions  of  dissociation, 
ion-pair  formation,  and  dissociative  ionization.  Although  usually 
not  specifically  indicated  or  known,  the  products  may  be  in  excited 
stat.es  (electronic,  vibrational,  rotational)  or  possess  excess  kinetic 
energy.  Processes  resulting  in  ionization  of  the  gas  are  particularly 
important,  and  the  ionization  thresholds  of  atmospheric  gases  are 
given  in  Table  12-2. 

Scattering  cros s  -  sections  are  much  smaller  than  the  cross-sections 
of  the  processes  considered  here.  The  final  state  of  the  scat¬ 
tering  species  is  identical  with  the  initial  state,  as  well,  and  for 
these  reasons  scattering  is  not  considered. 

As  shown  in  Table  12-1,  several  general  categories  of  absorption 
spectra  may  occur.  Discrete  absorption  in  the  ultraviolet  region 
consists  of  molecular  vibration- rotation  bands,  or  atomic  line  multi- 
plets ,  of  various  electronic  states.  Continuum  absorption  indicates 
dissociation  or  ionization  processes,  which  can  occur  ovo*  a  wide 
range  of  photon  energies,  since  kinetic  energy  can  be  imparted  to  the 
products.  Diffuse  spectra  represent  an  intermediate  case  and  are 
primarily  associated  with  processes  such  as  autoionization  or  pre¬ 
dissociation  for  the  species  of  interest  here.  Since  a  number  of 
these  processes  may  occur  over  the  same  wavelength  regions,  the 
spectrum  may  become  rather  complex.  High  resolution  coupled 
with  information  about  the  products  is  generally  required  to  find  the 
types  of  processes.  It  is  usually  possible  to  restrict  somewhat  the 
number  of  processes  likely  to  be  important  by  considering  energy 
limitations  and  the  appearance  of  the  spectrum. 
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Toble  12-1 .  Photon  obsorption processes.  (In  general,  energy  required 
incrzoses  or  threshold  wavelength  decreases  from  top  ta 
bottom  of  the  table.  Although  not  usually  shown  here, 
the  products  may  be  in  excited  states.  The  examples  ore 
meont  <o  be  illustrative  ond  do  not  include  all  possible 
combinations.) 


Process 

Example 

Absorption  Spectrum 

Excitation 

Oj  +  hi^  -  C>2 

• 

Discrete 

Predissociotion 

C>2  +  hp  -  O2  -  0  +  O 

Diffuse 

Oissaciation 

Oj  +  hv  -*  O  +  O 

Continuum 

Ionization 

C>2  +  hv  -*  +  e 

Continuum 

Autoionization 

*  + 

CL  •*  ht,  -  CL  0„  +  e 

2  2 

Diffuse 

Ion-Pair  Formation 

Oj  +  ht*  -  0+  +  O 

Continuum 

Dissociative  ionization 

C>2  +  hi/  -  CT  +  O  +  e 

Continuum 

Multiple  ionization 

O  +  hi/  —  0  t  2e 

Continuum 
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Table  12-2.  First  ionization  thresholds 


Gas 

Wavelength 

(A) 

Enerqy 

(eV) 

. . — . .  ‘  1 

Method 

Reference 

°2 

1027.8 

12.063 

Photoionizotion 

12-80,81 

795.8 

15.580 

Rydberg  Series 

12-82 

o 

910.4 

13.617 

Rydberg  Series 

12-83 

°3 

986.6 

12.00 

Electron  Impoct 

12-84 

NO 

1340.3 

9.25 

Photoionizotion 

12-85 

N 

853.1 

14.53 

Rydberg  Series 

12-86 

no2 

1267.7 

9.78 

Photoionizotion 

12-81 

n2o 

961.1 

12.90 

Photoionizotion 

12-81 

co2 

900.4 

13.769 

Rydberg  Series 

12-79 

h2o 

982.6 

12.618 

Rydberg  Series 

12-79 

H 

911.8 

13.598 

Rydberg  Series 

12-87 

He 

504.3 

24.587 

Rydberg  Series 

12-87 

02(o'Ag) 

1118.9 

11.08i 

Emission  Spectro  ond 
Photoionizotion 

12-80,88 
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The  total  loss  of  photons  by  nbsorpti  in  for  all  processes  at  a 
given  wavelength  is  given  by  tri.  total  absorption  cross-section  CTy  , 
with  units  of  cm’  .  It  is  defined  through  the  absorption  law: 

I{ X)  =  l0(Xlexp[-CT{X)n£]  .  (12-1) 


where  I  and  I  are  the  transmitted  and  incident  light  intensities, 
n  is  the  density  of  the  absorbing  gas  in  cm'^  ,  and  i  is  the 
light  path  in  cm.  A  commonly  used  unit  is  the  Megabarn  (Mb),  which 
is  equal  to  10"^®  cml  The  absorption  coefficient  kj  .which  is  pro¬ 
portional  to  the  cross-section,  is  frequently  used  in  the  literature. 

It  has  units  of  cm*J  and  is  equal  to  (Xyn  ,  Loschmidt's  number, 
nQ  ,  is  equal  to  2.  69  x  10^9  cm-®.  Note  that  the  absorption  law 
equation  is  strictly  applicable  only  when  the  bandwidth  of  the  mea¬ 
suring  instrument  is  small  compared  with  the  spectral  feature  mea¬ 
sured.  This  is  generally  the  case  in  continuum  and  diffuse  spectra, 
but  the  possibility  of  error  of  this  type  should  be  kept  in  mind, 
especially  with  discrete  spectra. 


The  ionization  cross- section  describes  all  the  processes  at  a 
given  wavelength  which  produce  ions.  It  is  the  product  of  the  ioni¬ 
zation  yield  and  the  total  absorption  cross-section.  The  ionization 
yield  is  the  fraction  of  the  absorption  which  leads  to  ionization,  and 
throughout  most  of  the  wavelength  region  considered  here,  the  yield 
is  generally  less  than  one,  since  the  emitted  electron  does  not  have 
sufficient  energy  for  further  ionization.  When  the  excess  kinetic 
energy  of  the  electron  can  be  greater  than  the  ionization  potential, 
the  emitted  electron  may  collide  with  an  unionized  gas  molecule  and 
produce  additional  ionization.  The  total  yield  would  then  be  greater 


tnan  unity,  tv  rough  value  of  about  30  c V  kinetic  energy  p: 


tron  pair,  based  on  electron  impact  yields,  has  been  used,  but  no 


experimental  values  for  photoionization  have  been  meauured  directly. 


Cross-sections  for  the  formation  of  specific  products  by  the  vari¬ 
ous  processes  in  Table  12-1  can  also  be  defined  based  on  the  yield 
of  any  product,  in  a  manner  similar  to  the  ionization  cross  -section. 
Only  the  total  absorption  and  ionization  cross-sections  are  generally 
available.  However,  product  cross- secticns  are  required  for  many 
purposes,  and  the  resuits  of  some  measurements  are  given  here. 


A  number  of  techniques  are  available  with  which  to  study  the  de¬ 
tailed  interaction  of  photons  with  gases.  These  include  phwioeiectron 
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spectroscopy,  high- resolution  photoionization  mass  spectrometry, 
ion  energy  analysis,  fluorescence  from  excited  products,  and  angular 
distribution  studies.  This  information  is  included  here  where  it 
appears  to  be  important  for  aeronomic  applications. 


12.3  PHOTON  CROSS-SECTION  DATA 
12.3.1  Generol 

In  this  section  photon  cross-sections  for  the  atmospheric  gases 
Oz,  N2,  O,  N,  NO,  O3,  C02,  H20,  and  02(^Ag)  are  given  in  wave¬ 
length  regions  of  importance  to  atmospheric  studies.  The  cross- 
sections  are  given  by  a  number  of  curves  and  by  several  tables  cover¬ 
ing  absorption  at  emission  lines  found  in  the  solar  spectrum  or 
predicted  to  result  from  nuclear  detonations.  Additionai  tables  cover¬ 
ing  the  solar  continea  and  shorter  wavelengths  are  given  in  Chap¬ 
ter  13. 

The  data  recommended  here  are  the  most,  reliable  at  this  time  in 
the  judgment  of  the  author.  No  attempt  at  a  critical  review  of  every 
measurement  has  been  made.  In  fact,  as  has  been  pointed  out 
several  times  in  related  scientific  fields,  the  necessary  infor¬ 
mation  to  form  judgments  about  systematic  and  other  errors  is  fre¬ 
quently  lacking.  There  is,  however,  a  general  convergence  of  cross- 
section  values  for  important  atmospheric  gases.  For  more  details 
on  all  available  measurements,  leading  references  are  given  for 
guidance  to  the  original  literature.  There  are  reviews  primarily 
on  photoionization  (References  12-1,  12-2,  12-3),  absorption  of 
atmospheric  gases  (Reference  12-4),  and  absorption  cross-sections 
(References  12-5,  12-h.  12-7). 


12.3.2  Limitations  of  Data 

The  measurement  of  photon  £  jsorpt  Ion  cros  s  -  sections  in  the  labora¬ 
tory  for  use  in  atmospheric  p;  nblems  generally  does  not  involve 
the  uncertainties  regarding  pressure  extrap ..lation,  wall  effects,  or 
kinetic  energy  of  reactants  that  are  frequently  a  problem  with  the 
other  reactions  covered  in  this  Handbook.  The  process  studied  is  a 
relatively  good  simulation  of  the  atmospheric  event. 

The  density  in  the  laboratory  measurements  is  usually  much  higher 
than  that  of  the  atmosphere  at  altitudes  cf  interest  here.  However, 
the  measurements  are  invariably'  made  over  a  range  of  densities,  and 
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if  the  absorption  law  (Equation  12-1)  is  found  to  be  valid  at  these 
densities,  there  is  no  reason  to  doubt  that  the  cross-section  is 
suitable  for  use  at  lower  densities.  Equation  (12-1)  may  not  be 
followed  because  of  dimerization  or  pressure  broadening,  but 
these  effects  are  generally  not  a  problem  at  laboratory  densities. 

The  temperature  of  the  laboratory  measurements  is  generally 
room  temperature  (about  300  K),  and  no  indication  of  large  changes 
in  most  cross-sections  are  predicted  in  the  200-*B00  K  range  of  pri¬ 
mary  interest  here,  with  the  exception  of  the  oxygen  Schumann* 
Rungo  bands.  A  change  in  temperature  will  affect  the  cross-section 
by  shifting  the  vibrational  distribution  in  the  ground  state  of  the  mole¬ 
cule  or  the  sub-level  distribution  in  a  multiplet  atomic  state.  For 
the  atmospheric  gases,  there  will  be  little  change  in  these  distribu¬ 
tions  over  the  temperature  range  quoted.  However,  there  has  been 
little  research  on  temperature  effects,  and  one  cannot  generalize. 
It  is  thought  that  the  largest  effect  will  probably  be  found  in  dis¬ 
sociation  continua. 

The  cross-sections  are  generally  known  to  about  ±20  percent, 
although  this  is  a  very  general  figure  and  there  are  many  measure¬ 
ments  of  better  accuracy.  Because  of  the  exponential  nature  of  the 
absorption  law,  considerably  higher  accuracies  would  be  desirable. 

The  bandwidth  or  resolution  used  for  cross-section  measurements 
is  generally  inadequate  in  regions  of  discrete  absorption  due  to  mole¬ 
cular  bands  or  atomic  lines.  In  these  cases,  each  absorption  line 
has  a  Doppler  half-width  of  .less  than  .  001  A  at  room  temperature, 
which  is  much  less  than  the  laboratory  bandwidth  of  from  perhaps 
C.  05  to  1  A,  For  measureable  changes  in  transmitted  light,  rhere 
is  generally  complete  absorption  at  the  peak  of  the  line.  Thus,  the 
observed  cross-section  generally  increases  as  the  pressure  or  den¬ 
sity  decreases,  and  the  reported  cross- sections  in  these  regions  are 
typically  the  values  at  the  lowest  pressures  used.  These  resolution- 
limited  cross-sections  .iave  some  application  for  atmospheric  prot 
lems  using  similar  bandwidths  involving  approximately  the  same 
number  of  molecules  in  the  light  path.  In  some  cases,  absorption 
data  in  regions  of  discrete  structure  can  be  used  to  obtain  oscillator 
strengths  by  extrapolating  to  zero  pressure. 

There  is  virtually  no  information  available  on  the  photon  cross- 
sections  for  atmospheric  gases  in  excited  electronic  states,  except 
for  the  O^a^Ag)  data  giver,  here.  Emission  spectra  involving  the 
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excited  state  can  be  used  to  find  ionization  thresholds  and  energy 
levels,  which  define  generally  the  wavelength  regions  of  absorption. 
Photon  absorption  processes  may  be  the  source  of  excited  states 
formed  by  dissociation  and  ionization  processes,  but  little  quanti¬ 
tative  information  is  available. 


12,3.3  Data  Summary 

12.3.3.1  MOLECULAR  OXYGEN  02 

The  weak  Herzberg  continuum  in  the  2600-1850  A  region  is  usual¬ 
ly  considered  as  the  primary  source  of  oxygen  atoms  from  O2  photo¬ 
dissociation  below  80  km.  In  this  dissociation  process  two  ground 
state  { ^ P)  oxygen  atoms  are  formed.  There  are  two  measurements 
in  fairly  good  agreement  (References  12-8,  12-9).  The  cross-sec¬ 
tions  are  very  small  (~  lO"^^  cm^),  and  the  high  pressures  neces¬ 
sary  result  in  some  dimerization,  so  extrapolation  to  zero  pressure 
is  necessary.  The  cross-section  curve  is  given  in  Figure  12-1. 

The  Schumann- Runge  bands  (^£u  •”  ^Eg)  between  17  50  and  2010  A 
are  discrete  transitions  requiring  high  resolution  to  obtain  accurate 
cross-sections  (References  12-4,  12-9  through  12-12).  It  is 
also  difficult  to  separate  the  Herzberg  continuum  and  the  Schumann- 
Runge  bands  in  the  1900-2030  A  region.  Absorption  data  (Reference 


WAVELENGTH  (A) 

Figure  12-1.  Oxygen  absorption  cross-section;  in  the  Herzberg  continuum. 

The  one -atmosphere  cross-section  ic  denoted  by  a]  and  the 
extrapolated  zero-pressure  cross-section  by  oQ  .  Data  of 
Ditchburn  and  Young,  Reference  12-8 
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12-8)  are  given  in  Figures  12-2  and  12-3;  however,  these  curves 
were  taken  with  low  resolution  and  serve  to  indicate  only  the  princi¬ 
pal  absorption  regions.  The  more  recent  work  has  partially  resolved 
the  rotational  structure  (Reference  12-13).  For  rotational  line  wave¬ 
lengths,  hifeh- resolution  spectra  are  available  (Reference  12-14).  Os¬ 
cillator  strengths  have  been  obtained  using  pressure  broadening  (Refer¬ 
ence  12-15),  weak  line  absorption  (Reference  12-12),  and  high- 
temperature  absorption  (Reference  12-11). 

The  strong  Schumann-Runge  continuum  (1250-1750  A)  is  very  im¬ 
portant,  since  it  is  the  primary  source  of  oxygen  atoms  at  altitudes 
greater  than  80  km.  The  cross-section  has  been  measured  repeat¬ 
edly  with  generally  good  agreement  (References  12-9,  12- 16  through 
12-19),  and  a  representative  curve  (Reference  12-9)  is  given 
in  Figure  12-4.  Absorption  in  the  principal  continuum  produces  one 
ground  state  (^P)  and  one  metastable  ( *  D)  oxygen  atom  (References 
12-20,  12-21,  12-22).  A  temperature  effect  has  been  discussed 
(Reference  12-23),  and  other  measurements  (Reference  12-24) 
have  found  an  increase  in  cross-section  with  temperature  in  the 
1580-1950  A  region. 

In  the  region  from  the  hydrogen  Lyman-alpha  line  (1215.  7  A)  to 
approximately  304  A,  c ross-sections  are  given  at  important  solar 
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Figure  12-2.  Oxygen  absorption  cross-sections,  Schumann- Kuitge  bands 
(1,  0  to  6,  0).  Data  jf  Blake,  Carver,  arj  Haddad,  Ref¬ 
erence  12-9. 
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Figure  12-3.  Oxygen  absorption  cross-sections,  Schumonn-Runge  bands 
(4,  0  to  16,  0).  Dato  of  Bloke,  Carver,  ond  Haddad,  Ref¬ 
erence  12-9. 


Figure  12-4.  Oxygen  absorption  cross -sections  ir.  the  Schumonn-Runc-e 
continuum.  Dcta  af  Bloke,  Carver,  and  Haddod,  Refer- 
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emission  lines  in  Table  12-J.  Values  at  wavelengths  less  than  304  A 
are  presented  in  Table  12-4.  From  1250  A  to  the  ionization  threshold 
(1027.  8  A)  the  spectrum  is  complex  with  several  regions  of  low  ab¬ 
sorption  (References  12-4,  12-9,  12-17,  12-25,  12-26),  such  as  the 
important  H  Ly  Of  window  (Table  12-3).  In  the  ionization  region, 
Table  12-3  includes  both  total  absorption  and  ionization  cross-sec¬ 
tions,  and  is  based  on  several  measurements  (References  12-18, 
12-27  through  12-30),  which  are  in  general  agreement  with  earlier 
work  (Reference  12-4).  The  cross-section  curves  are  available 
in  the  references. 


Table  12-3.  Absorption  and  ionization  cross-sections  of  O2  ,  N2  ,  and  O  at 
salar  lines.  Crass-sectians  in  Megabarns  (10“l8cm2),  Values 
basea  on  dotu  in  References  1 2—4,  12-18,  12-27,  12-28,  12-29, 
12-31,  12-36,  12-37,  12-43,  and  1 2—47 .  Toble  prepared  in 
collaboration  with  R.l.  Schoen  and  based  on  Reference  12-5. 


Salar  Line 
MA) 

Class. 

O 

2 

N 

2 

0 

a  =  a; 

a 

<*; 

a 

<*i 

1215.7 

HLy  Of 

0.010 

0 

<6x1 0"5 

0 

0 

1206.5 

SilH 

15 

0 

~0 

0 

0 

1175.5° 

cm 

1.3 

0 

- 

0 

0 

1085. 7d 

nd 

2b 

0 

- 

0 

0 

1037.6° 

021 

0.73 

0 

<7x10^ 

0 

0 

1031.9 

021 

1.04 

0 

<7x1 0*4 

0 

0 

1025.7 

| 

HLy  8 

1.58 

98 

<10~3 

0 

0 

991.6° 

Nffl 

1.75 

1.21 

1.9b,c 

0 

0 

989.8° 

Nm 

1.4 

0.95b'c 

l.lc 

0 

e 

977.0 

cm 

4.0 

2.5 

0.7C 

0 

0 

9/2.5 

HLy  y 

32 

25b 

36  oh'0 

0 

0 

949.7 

H  Ly 

6.3 

4b 

5.2b 

0 

0 

937.8 

H  Ly 

5.0 

3 

10b 

0 

e 

930.7 

H  Ly 

26 

17** 

4.8b 

0 

e 

904 

CD 

11 

6.3b 

6.3 

0 

3.0 
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Table  12-3.  (Cont'd.) 


Solar  Line 
X(A) 

Cl  ass. 

0 

2 

a 

<*1 

835.3 

om 

10 

3.7 

835.1 

om 

10 

3.7 

834.5 

on 

11 

4.0 

823.7 

om 

13 

5.1 

833.3 

on 

13 

5 

832.9 

om 

26 

10 

832.8 

on 

26 

10 

790.2 

om 

28 

iofc 

790.1 

om 

28 

iob 

787.7 

om 

24 

I3b 

780.3 

Ne2m 

28 

ilb 

770.4 

Ne  Vll  1 

18 

11 

765.1 

NBZ 

23 

12b 

760.4 

02 

20 

10 

703.8 

om 

26 

23 

702.3 

om 

24 

21 

686.3 

Nffl 

22 

22 

685.8 

Nm 

18 

18 

685.5 

Nm 

18 

18 

685.0 

Nm 

26 

26 

629.7 

02 

30 

29 

625 

Mg  X 

25 

24 

610 

Mg  X 

27 

25 

599.6 

om 

28 

27 

584.3 

He  I 

23 

23 

555.3 

012 

26 

25 

_ 

N2 

O 

Or  =  C7j 

Or 

20b 

0 

2.6' 

4lb 

0 

2.6 

7.5b 

0 

2.6f 

6b 

0 

2.6 

2.3 

0 

2.6 

7b 

0 

2.6f 

2.1 

0 

2.6 

22C 

io0,c 

2.9 

28C 

llb,C 

2.9 

10° 

8C 

2.9f 

19 

- 

2.9 

15 

- 

7e 

67° 

5lb'c 

3.0 

40 

22 

2.9f 

22 

20 

6.5 

24 

22 

6.5 

25  C 

24C 

6.5e 

26' 

25C 

6.5 

25c 

24c 

6.5e 

25C 

24C 

6.5 

23C 

23c 

9.0 

24 

23 

9.0 

24 

24 

9.0 

23 

22 

9.0 

23 

23 

9.5 

25 

24 

9.5 
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Table  12-3.  (Confd.) 


Solar  Line 

Cl  OSS. 

O 

2 

N 

2 

O 

X(A) 

a 

0; 

a 

<*i 

a  =  crj 

554.5 

ci Y 

26 

26 

25 

23 

9.5 

554.1 

OGT 

26 

25 

25 

24 

9.5 

553.3 

orsr 

26 

24 

25 

24 

9.5 

537.0 

He  I 

21 

21 

25 

24 

9.3 

525.8 

om 

25 

24 

26 

26 

9.3 

522.2 

Hel 

21 

21 

24 

23 

9.3 

508.2 

om 

24 

23 

22 

22 

9.3 

507. 7d 
507.4 

om 

23 

22 

24 

24 

9.3 

435.0 

om 

21 

21 

24 

24 

9 

430. 2d 

430.0 

429.9 

on 

18 

18 

21 

21 

a 

» 

303.8 

Hel 

17 

17 

12 

12 

8.5 

Nates: 
o 


Blend  of  severol  lines  observed  in  salar  spectrum. 

The  absorbing  gas  has  discrete  structure  at  this  wavelength  ond  thus  the 
cross -section  presently  measureable  given  in  the  table  may  nat  be  appli¬ 
cable.  See  text  and  references. 


c 


Considerable  variation  among  me  usui  emeriti. 

These  lines  nat  resolved  in  laboratory  cross-section  measurement, 

3 

Passible  overlap  with  atomic  axygen  graund-state  (  P)  absorption  line, 

Possible  overlap  with  atomic  axygen  metastable -stote  (^D)  absorption 
line . 


12-13 


DNA  1948H 


Table  12-4.  Absorption  cross-sectionsa  at  wavelengths  less  than  304A. 

Data  primarily  from  References  12-47  12-89,  12-90. 
Cross-sections  in  Megabarns  {I0“^®crri  ). 


Wovelengthk 

(A) 

°2 

N2 

O 

247.2 

12.3 

9.8 

6 

209.3 

9.0 

6.5 

4 

100 

1.9 

.84 

0.8 

68.0 

.9 

.50 

.2 

44.6 

.31 

.18 

.1 

13.4 

.29 

.089 

.  14C 

9.9 

.14 

.042 

-071C 

Notes: 


These  cross-sections  ore  ossumed  to  be  equal  to  the  ionization  cross- 
section  at  least  to  100A,  although  there  are  no  yield  measurements. 

k  There  are  a  number  of  solar  lines  in  this  region,  but  there  have  been 
few  measurements,  and  also  the  cross-section  curve  appears  to  be 
relatively  smooth.  The  wavelengths  used  should  allow  a  reasonable 
estimate  to  be  made . 
c 

This  value  is  one -half  the  Oj  cross-section. 


The  dissociative  ionization  process  giving  0+  and  O  begins  at 
662  A,  and  the  yield  appears  to  be  less  than  10  percent  of  the  total 
ionization  yield  in  the  region  down  to  about  450  A,  with  a  conven¬ 
tional  magnetic  mass  spectrometer  (Reference  12-31).  However, 
excess  kinetic  energy  has  been  found  in  the  product  ions,  and  a 
more  recent  estimate  is  15  percent  dissociative  ionization  at  thd 
584  A  line  (Reference  12-32).  The  cross  -  sections  for  excitation  to 
various  specific  molecular  ions  over  a  range  of  wavelengths  (Refer¬ 
ence  12-33)  are  given  ir.  Figures  12-5  and  12-6.  Thesewere  obtained 
by  energy  analysis  of  the  emitted  electrons. 

Appreciable  quantities  of  the  metastable  oxygen  0£(a  V  molecule 
appear  to  be.  present  in  the  upper  atmosphere  (References  12-34, 
12-35).  It  is  conceivable  that  absorption  by  this  molecule  may  ibe 
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Figure  12-5.  Oxygen  partial  cross-sections  far  molecular  ions.  Data  af 
Blake  and  Carver,  Reference  12-33. 


Wo*«l*nglh  (  A  ) 

Figure  12-6.  Oxygen  partial  crass-secticns  far  molecular  ians.  Data  of 
Blake  and  Carver,  Reference  12-33. 
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more  significant  than  is  generally  realized.  Some  intense  bands  attri¬ 
buted  to  absorption  by  the  (a  *Ag),  or  less  likely  the  (b  ^Sg),  state  have 
been  observed  in  the  830-900  A  region  (References  12- 3b,  12-37),  and 
high- resolution  work  has  found  absorption  bands  of  both  the  (a  ^Ag) 
and  the  (b  ^£  +  )  states  in  the  1200-1600  A  region  (Reference  12-38]. 

The  ionization  threshold  of  (^(a  ^Ag)  is  atlllS.  9A-  Measurements 
are  available  of  the  photoionization  cross-section  (References  12-26, 
12-39)  between  this  wavelength  and  the  ionization  threshold  for 
ground-state  02  at  1027.  8  A.  This  wavelength  region  is  important 
(Reference  12-40)  in  D-rcgion  ionization  because  some  of  these 
wavelengths  penetrate  to  lower  altitudes  in  02  absorption  "windows". 
However,  absorption  by  the  trace  amounts  of  carbon  dioxide 
present  at  these  altitudes  considerably  reduces  the  solar  flux 
(Reference  12-26). 


12.  3.  3.  2  MOLECULAR  NITROGEN  N2 

The  absorption  spectrum  of  nitrogen  begins  at  about  1450  A  with 
the  weak  Lyman-Birge-Hopfield  bands,  but  in  the  region  to  approxi¬ 
mately  1000  A  the  cross-sections  are  very  small  (less  than  10"^ 
cm^).  This  absorption  is  insignificant  compared  with  O2  aosorp- 
tion  in  the  same  region.  High-temperature  absorption  (Reference 
12-41)  and  oscillator  strengths  (Reference  12-42)  have  been  mea¬ 
sured  in  this  region.  Between  1000  and  660  A  there  are  many  strong 
bands.  One  band  coincides  with  the  strong  H  Ly  Ct  solar  emission 
line  at  972.  5  A.  In  the  ionization  region  at  wavelengths  less  than 
795.  8  A,  most  of  the  N2  bands  are  autoionized. 

There  are  no  strong  dissociation  continua  for  nitrogen  as  there 

a  f  OI*  fjvyrrDTt^  thOU^h  pT  wdlS  £  CCiSttlOT  Via  a  |>o  aji  pr  r  ft?  *»£<**•_ 

ence  12-43).  There  are  strong  ionizatior.  continua  at  wavelengths 
less  than  795.  8  A,  the  ionization  threshold.  Absorption  in  this  re¬ 
gion  is  an  important  electron  source  in  the  F-region. 

Table  12-3  gives  absorption  and  ionization  cross-  sections  for  nitro¬ 
gen  at  important  solar  lines  based  on  several  investigations 
(References  12-18,  12-27,  12-29,  12-44,  12-45).  Absorption  cross- 
sections  below  304  A  are  included  in  Table  12-4.  Earlier  work  has 
been  summarized  (References  12-4,  12-5).  Ir.  Table  12-3,  there  are 
a  number  of  wavelengths  at  N2  absorption  bands  where  reliable  cross- 
sections  could  not  be  obtained,  as  indicated  in  the  table.  Cross-sec¬ 
tion  curves  using  continuum  background  light  sources  are  available 
in  the  references  (References  12-18,  12-28,  12-29,  12-44). 
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Dissociative  ionization  begins  at  510  A;  however,  the  yield  is  only 
about  one  percent  of  the  molecular  ion  yield  inthe  one  measurement 
available  (Reference  12-31),  Cross-sections  for  production  of  ex¬ 
cited  molecular  ions  (Reference  12-33)  are  giver,  in  Figure  12-7. 


Figure  12-7.  Nitrogen  partiol  cross-sections  for  molecular  ions.  Data  of 
Blake  and  Carver,  Reference  12-33. 


12.  3.  3.  3  ATOMIC  OXYGEN  O 

The  absorption  spectrum  of  ground- state  atomic  oxygen  2p^  ^P2,l.o 
consists  of  a  number  of  resonance  line  series  beginning  with  the  triplet 
at  1302,  1305,  1306  A  and  the  ionization  continuum  at  wavelengths 
shorter  than  910.  4  A,  the  first  ionization  threshold. 

The  available  data  concerning  absorption  in  the  ionization  contin¬ 
uum  region  are  given  in  Figures  12-8  through  12-10.  Theoretical 
calculations  (Reference  12-46)  of  the  continuum  cross- section  are  also 
given  inthe  figures.  The  curves  are  similar  to  previous,  more  ap¬ 
proximate  calculations  (Reference  12-47).  The  experimental  values 
are  much  move  recent,  since  there  are  many  difficulties  in  working 
with  atomic  oxygen.  The  first  measurements  (Reference  12-48)  used 
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Figure  12-10.  Atomic  oxygen  cross-sections:  threshold  to  shorter  wave¬ 

lengths.  See  Figure  12-8  caption  for  references.  Open  tri¬ 
angles  are  one-holf  of  molecular  oxygen  cross-section  (Refer¬ 
ence  12-4o). 


discharged  oxygen,  which  required  a  difficult  correction  for  meta¬ 
stable  C>2  nioleevdes  also  present  in  the  absorption  cell.  More  re¬ 
cent  measurements  have  used  a  beam  technique  (Reference  12-49) 


which  required  cali’or alioi*  based  on  the 


y  accurate  cal cv.l a  t  i  r»  n  s 


possible  for  a  hydrogen-atom  beam.  The  theoretical  values  and  the 
beam  data  are  in  best  agreement,  except  at  wavelengths  shorter 
than  £00  A,  where  the  beam  results  become  much  lower  thantheore- 
tical.  The  theoretical  curve  is  preferred  in  the  continuum  absorption 
regions.  The  values  in  Table  12-3  are  from  these  curves.  Additional 
vaiues  are  listed  in  Table  12-4.  By  analogy  with  the  rare  gases,  the 
absorption  and  ionization  continuum  cross-sections  are  identical. 


The  ionization  continuum  region  is  complicated  by  the  presence 


of  series  converging  to  the  excited  oxyger  ion  states 


2Pi  2DC 


and 


k 
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2p3  2P°  .  These  lines  have  been  classified  and  measured  in  absorp¬ 
tion  (Reference  12-36),  which  enables  the  previously  unknown  auto- 
ionized  lines  to  be  observed.  The  lower  members  of  these  series 
are  shown  in  Figures  12-8  and  12-9,  with  the  unautoionized  levels 
indicated  by  an  asterisk.  Accidental  line  absorption  (References 
12-48,  12-50)  has  led  to  cross-section  measurements  that  are 
larger  than  nearby  points,  as  shown  by  the  dashed  lines  beneath 
some  points  in  Figures  12-8  and  12-9. 

There  has  been  a  theoretical  calculation  of  some  autoionized 
line  profiles  (Preference  12-51).  The  published  calculations  used 
a  bandwidth  corresponding  to  1  A.  Since  the  measurements  used 
atomic  lines,  this  bandwidth  is  considerably  too  large  to  use  in  a 
meaningful  comparison  with  experimental  values.  Further 
calculations  using  a  0,  1  A  bandwidth  (Reference  12-52)  are  shown 
in  Figures  12-8  and  12-9.  These  profiles  and  maxima  are  in  much 
better  agreement  with  the  available  cross-sections  and  with  estimates 
of  absorption  line  maxima  (Reference  12-53).  Some  maxima  are  not 
shown  because  the  calculated  points  were  too  widely  spaced  in 
wavelength. 

Both  the  2p4  3  Dp  and  2p4  3SQ  metastable  states  of  atomic  oxygen 
are  known  to  be  present  in  the  atmosphere.  Measurements  of 
absorption  series  of  these  metastables  have  been  reported  (Reference 
12-37).  There  also  exist  calculations  of  their  ionization  cross- 
sections  (Reference  12-46)  and  a  review  of  0( 3  D)  formation  and 
reactions  (Reference  12-54). 

It  is  possible  that  atmospheric  spectrophotome’r ic  measurements 
may  be  influenced  by  the  accidental  overlap  of  a  solar  emission 
line  and  an  atomic  oxygen  line  (Reference  12-53).  An  abridged 
version  of  the  possible  solar  lints  involved  is  given  in  Table  12- o. 

For  a  number  of  atmospheric  problems,  the  cross-sections  for 
ionization  between  specific  electronic  states  of  the  atom  and  the  ion 
are  required.  These  are  given  for  all  2p^  -•  2p3  transitions  in 
Figure  12-11  (Reference  12-55),  which  is  based  on  an  interpolation 
formula  developed  following  close- coupling  calculations  (Reference 
12-56).  This  formula  does  not  include  the  autoionization  structure 
apparent  in  Figures  12-8  and  12-9,  which  is  based  on  experiment 
and  on  more  detailed  calculations.  Therefore,  Figures  12-8 
through  12-10  are  more  useful  for  total  attenuation  calculations 
and  Figure  12-11  is  necessary  to  calculate  the  products. 
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Toble  12-5.  Atomic  oxygen  lines  which  moy  obsorb  solor  lines.  Atomic 
oxygen  resononce  lines  (1 302,  1305,  1306 A)  not  included. 
References  12-36,  12-37,  12-53  give  detoils. 


Solar  Line 

(A) 

OI  Line 

(A) 

Classi  ficotion 

Remorks 

1025.7 

1025.7 

3P2  -  3d3D° 

a 

939.8 

990.13 

3P ,  -  3s'  V 

937.8 

937.84 

3H2  -  7s'  3S° 

930.7 

930.89 

3P]  -  7d  3D° 

835.3 

835.44 

’d.  -  10d'  ]F°,  V 

2 

834.5 

834.34 

^2  -  12s'  V 

832.9 

833.10 

'o2  -  I2d‘  'f°,  'o° 

787.7 

788.18 

l02  -5s"  V 

b 

770.4 

770.35 

V*' V 

761.1 

761.26 

’D2-6d"  'f°,  'd° 

b 

686.3 

686.28 

3P,  -  5d”  3P°,  3D° 

b,c 

635.5 

685.54 

3P2  -  5d"  3P°  V 

b,  c 

Notes: 

°  Solar  line  known  to  be  brood. 

Atomic  oxygen  line  broadened  by  autoionizoticn. 

Q 

These  lines  known  to  overlap.  See  References  12-25  and  12-27. 
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12.3.3.4  ATOMIC  NITROGEN  N 

3  4  o 

The  absorption  spectrum  cf  ground- state  atomic  nitrogen  2p  S3/2 
consists  of  resonance  line  series  beginning  with  a  triplet  at  1199.  5, 
1200.  2,  and  1200.  7  A  and  converging  to  the  ionizatior.  continuum  at 
wavelengths  less  than  853,  1  A,  the  first  ionization  threshold. 

Cross-sections  in  the  ionization  continuum  region  are  given  in 
Figure  12-12,  which  is  based  on  curves  (Reference  12-55)  drawn 
from  close-coupling  calculations  (Reference  12-56).  Also  included 
in  the  figure  are  experimental  points  (Reference  12-57}  for  absorp¬ 
tion  by  the  atomic  ground  state.  They  are  in  reasonably  good  agree¬ 
ment  with  the  approximate  calculation  shown  in  Figure  12-12  and 
with  moredetailed  calculations  (Reference  12-58).  In  addition,  Figure 
12-12  gives  the  cross-sections  for  production  of  excited  atomic 
mns  due  to  absorption  by  excited  neutrals  for  all  transitions  2p^-*2p2, 
The  autoionized  lines  known  to  exist  (References  12-57,  12-59)  in 
some  portions  of  the  wavelength  region  shown  are  not  reflected  in  the 
calculated  curves. 

12.  3.  3.  5  NITRIC  OXIDE  NO 

The  ionization  of  nitric  oxide  by  the  hydrogen  Lyma.i  alpha  line 
(1215.  7  A)  is  an  important  process  in  the  D- region.  At  other  wave¬ 
lengths,  the  NO  absorption  is  not  as  important.  The  total  and  ioni¬ 
zation  cross-section  curves  (Reference  12-60)  are  given  in  Figure 
12-13  for  the  1100-1350  A  region.  The  ionization  cross-section 
(References  12-2,  12-61)  at  hydrogen  Lyman  alpha  is  1. 97  x  10"^ 
cm2. 

12.3.3.0  OZONE  Oj 

Ozone  absorption  becomes  important  in  the  upper  atmosphere 
at  wavelengths  less  than  about  3500  A.  The  region  from  about  3000 
to  3500  A  contains  the  weak  Huggins  bands;  however,  the  relatively 
more  intense  solar  radiation  of  these  wavelengths  makes  absorption 
by  ozone  important  here  (Reference  12-62)  as  well  as  at  wavelengths 
less  than  3000  A.  The  absorption  curve  (Reference  12-63)  is  shown 
in  Figure  12-14.  New  data  in  this  region  have  been  published 
(Reference  12-64).  The  weak  Chappuis  bands  in  the  visible  (maxi¬ 
mum  wavelength  near  6000  A;  maximum  cross-section  about  0.004 
Mb)  is  an  important  dissociation  mechanism  in  the  stratosphere  (Ref¬ 
erence  I  2-0 5). 
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Figure  12-13.  Nitric  oxide  crass -sections.  Solid  curve  is  absorption 

cross  “Section;  points  ere  ionization  crass -section.  Data  af 
Wator.abe  ond  Mormo,  Reference  12-60. 


Figure  12-14,  Ozone  cross-sections.  Wavelength  3000-3600  A.  Doto  of 
Inn  and  Tanaka,  Reference  12-63. 
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The  Hartley  continuum  cross-sections  (Reference  12-63)  between 
2000  and  3000  A  are  shown  in  Figure  12-15.  There  is  general  agree¬ 
ment  on  the  cross-section  in  this  region  (References  12-63,  12-66). 
Toward  lower  wavelengths,  ozone  absorption  is  not  as  important  in 
the  atmosphere  as  oxygen  molecule  absorption. 

Photodissociation  in  the  Hartley  continuum  is  probably  the  pri¬ 
mary  source  of  C>2  (a.  *Ag)  which  may  be  important  in  D-region 
photoionization  (Reference  12-67),  It  is  believed  that  the  initial 
photolysis  products  in  the  Hartley  continuum  ..e  C i  (a  *Ag)  and 
0(*D),  which  are  spin-allowed  and  energetically  permissible  at 
wavelengths  less  than  3100  A  (Reference  12-68).  However,  the 
laboratory  evidence  is  not  complete.  Flash  and  steady-state 
photolysis  (References  12-69.  12-70)  give  better  evidence  for  the 
presence  of  0(  ^  D)  than  for  0^(a  *Ag).  Evidence  from  the  emis¬ 
sion  of  photolysis  products  indicates  that  the  C>2(a  *Ag)  is  proba¬ 
bly  formed  in  secondary  reactions  (Reference  12-71),  which  is 
consistent  with  the  absorption  spectra  of  the  photolysis  products 
(Reference  12-72).  Further  work  is  clearly  needed. 


WAVELENGTH (A) 

Figure  12-15.  Ozone  cross-sections.  Wavelength  2000 -3000 A.  Doto  of 
Inn  and  Tanaka,  Reference  12-63. 
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12,  1.  1.  7  CAUhON  I  »!<  >X  1 1 )  *  CO, 

4, 

Carbon  dioxide  abmirpl  mil  ha  r  o  .ih i< r ed  from  about  I960  A 

to  shorter  waveler-gllm,  I  'of  haps  .  rot  mo.it  important  wavelength  re¬ 
gion  is  the  ills  mu  ml  ion  t  mil  I  mtom  in  the  region  to  1  200  A,  shown  in 
Figure  1  2- i  b  (  H  clnri'iu  12  •),  12- id,  12-71),  Thu  figure  is  sim¬ 
plified  by  not  im  hiding  i  umber  of  dli'uwi*  absorption  bands.  The 
continuum  appears  to  tie  i  «*lal*>i|  to  the  thr esliolrl  for  O(^D)  produc¬ 
tion,  as  supported  by  several  invent  igationw  indicating  the  presence 
of  thirt  atom  (Ueleriune  12-  M),  The  pliotoiliasociation  efficiency  is 
not  blown,  but  the  data  of  Figure  12-lb  can  be  considered  an  upper 
limit  to  tiie  dissociation  cross- section. 

There  are  additional  strong  contiuua  and  lines  toward  shorter 
wavelengths  (References  12-71,  12-75),  and  especially  at  wavelengths 
shorter  than  the  first  ionization  threshold  at  900.4  A.  The  absorption 
cross-sections  in  the  regions  of  small  O ^  cross-sections  ("windows") 
have  become  important  in  connection  with  D- region  photoionization 
of  C^a  Relative  cross-sections  (Reference  12-26)  resolve  an 

apparent  accidental  shift  in  wavelength  scale  and  favor  the  data  of 
Reference  12-73. 


Figure  12-16,  Carbon  dioxide  cross-sections.  Adapted  from  Reference  12-10. 
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12.3.3.8  WATER  VAPOR  H20 

Water  vapor  absorption  extends  from  about  1850  A  to  shorter  wave¬ 
lengths.  The  relatively  structureless  continuum  region  ending  about 
1250  A  is  shown  (Reference  12-76)  in  Figure  12-17.  Absorption  and 
ionization  cross-sections  to  shorter  wavelengths  are  also  available 
(References  12-77,  12-78).  The  ionization  threshold  is  at  982.  6  A 
(Reference  12-79). 

The  dis sociation  pr oducts  ofH2Ohave  not  been  well  characterized 
(Reference  12-68).  It  is  however  known  from  fluorescence  measure¬ 
ments  that  excited  OH  radicals  are  formed  in  the  second  continuum 
(1250-1430  A)  shown  in  Figure  12-17. 


Figure  12-17.  Water  vapor  cross -sec  Hons.  Data  of  Watanabe  and 
Zelikoff,  Reference  12-76. 


V/.A  PHOTON  CROSS-SECTIONS  FOR 
ULTRAVIOLET  DEPOSITION  CODES 

Cross-sections  for  photon  absorption  processes  are  given  in 
Tables  12-6  through  12-9,  which  are  available  for  studies  of  the 
disturbed  ionosphere,  and  in  other  studies  which  determine  the  atmo¬ 
spheric  characteristics  resulting  from  ultraviolet  radiation  deposi- 
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tion.  For  such  studies,  it  is  sometimes  necessary  to  know  the  total 
absorption  cross-section,  in  order  to  evaluate  the  total  energy  depo¬ 
sition,  and  the  product  cross-sections  such  as  the  t„tal  phctoioniza- 
tion  cross-section  and  ion  and  atom  production  cross-sections,  in 
order  to  obtain  the  electron  density  and  to  find  the  initial  species  in¬ 
volved  in  the  reactions  which  return  the  atmosphere  to  its  original 
condition. 

These  tables  result  from  a  recommendation  by  Dr.  F.  R.  Gilmore, 
R&D  Associates,  who  also  specified  the  atomic  emission  line  rnulti- 
plets. 

The  emission  line  multiplets  have  been  found  in  previous  computer 
code  studies,  and  they  consist  of  the  more  intense  atomic  transi¬ 
tions  of  multiply  ionized  oxygen  and  nitrogen.  These  transitions  are 
almost  entirely  in  the  vacuum-ultraviolet  wavelength  region.  Many 
of  these  emission  lines  are  not  found  in  the  solar  spectrum  and  there¬ 
fore  previous  solar  line  cross-section  tables  are  not  completely  ap¬ 
plicable.  Also,  the  line  widths  and  shapes  will  be  different  in  the  two 
cases,  It  is  likely  that  the  line  widths  of  emission  lines  from  the  nuc¬ 
lear  burst  will  be  large  enough  in  some  cases  that  an  effective  cross- 
section  different  from  the  value  given  here  will  be  necessary  because 
the  line  will  overlap  several  rotational  lines  of  the  atmospheric  gas. 
These  cases  can  be  handled  later  as  they  are  identified.  In  addition, 
there  are  a  number  of  other  multiplets  predicted  to  be  less  intense, 
and  it  is  planned  to  prepare  cross-section  tables  for  these  lines,  or 
others  that  become  important,  in  the  future. 

The  atmospheric  species  included  in  these  tables  are  molecular 
nitrogen,  N2;  molecular  oxygen,  atomic  oxygen,  O;  c-omic  ni- 
nt  •  a nH  nitric  c^idc,  NO.  It  is  possible  t vibrEtion3.11y 
emoted  gases  and  minor  species  should  be  included  in  future  tables. 

Experimental  and,  for  atomic  gases,  theoretical  total  absorption 
and  photoionization  cross-sections  are  available  for  all  wavelengths 
considered  here.  However,  improved  resolution  and  additional  mea¬ 
surements  are  needed  in  mar.y  cases.  Ion  product  cross-sections  are 
becoming  available  using  photoelectron  spectroscopy,  and  they  are 
included  in  the  tables,  as  is  dissociative  ionization.  However,  excita¬ 
tion  cross- sections  and  atom  production  cross-section3  resulting 


12-30 


CHAPTER  12 


from  photodissociation  are  not  generally  known.  The  values  in  the 
tables  are  predictions  based  on  energy  levels  and  an  interpretation  of 
the  observed  spectrum  rather  than  from  detection  of  products.  There¬ 
fore,  they  are  subject  to  change  based  on  future  work. 

For  the  *otal  absorption  and  photoionization  cross-sections,  the 
values  inthe  tables  are  selected  after  considering  all  published  data 
and  in  some  cases  additional  unpublished  results  from  this  laboratory. 
Consideration  is  given  to  the  author's  estimated  uncertainty,  experi¬ 
mental  method,  region  of  spectrum  (i,  e.,  generally  continuum  or  vi¬ 
bration-rotation  band),  and  agreement  between  different  measure¬ 
ments.  References  used  are  given.  Individual  multiplets  are  not 
discussed.  No  estimated  errors  are  shown;  however,  unless  there 
is  evidence  of  structure  in  the  region,  they  are  probably  accurate  to 
±25  percent.  No  energy- 1  'wel  tables  are  given,  since  they  are  readily 
available  elsewhere,  e.g.  Chapter  10.  Inthe  tables,  a  zero  indicates 
that  there  is  insufficient  energy  from  the  photonfor  the  process  indicated. 

Table  12-6a.  Molecular  nitrogen,  N2  :  photon  cross-sections  for  very  strong 
emission  lines  in  megobams  (10“'®  cm^).  References:  12-4, 


12-5,  12-27,  12-29,  12-33,  12-42,  12-44,  12-45. 


Emission 

Total 

Ionization 

ion  product*0 

Neutral^ 

Neutral 

Remarks 

Lines  (A) 

aT 

ai 

O'; 

'x 

% 

% 

aN 

Product 

Nu#l 

1085.70 

<0.1 

0 

0 

0 

0 

<0.1 

Excitation 

c 

1024.57 

<0.1 

0 

0 

0 

0 

<0.1 

Excitation 

1083.98 

<0.1 

0 

0 

0 

0 

<0.1 

excitation 

1085.54 

<0.1 

0 

0 

0 

0 

<0.1 

Excitation 

c 

0 

834.467 

7.5 

0 

0 

0 

0 

7.5 

Excitation 

d,e 

833.332 

2.3 

0 

0 

0 

0 

2.3 

Dissoc . 

832.762 

2.1 

0 

0 

0 

0 

2.1 

Dissoc . 

Nm 

991.579 

2 

0 

0 

0 

0 

2 

Excitation 

f,d 

989.790 

1 

0 

c 

0 

0 

1 

Excitation 

991 .514 

2 

0 

0 

0 

0 

2 

Excitation 

V3 

685.916 

23 

22 

4 

18 

0 

1 

Dissoc. 

g 

685.513 

24 

23 

4 

19 

0 

1 

Dissoc . 

686.335 

25 

23 

4 

19 

0 

2 

Dissoc. 
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Toble  12-6a.  {Conn'd.) 


Emission 

Totol 

lonizotion 

Ion  Products0 

Neutrol^ 

Neutrol 

Remorks 

Lines  (A) 

aT 

ai 

69 

a' A 

<7; 

'B 

aN 

Product 

mt'd.) 

23 

21 

3 

18 

0 

m 

Dissoc . 

om  #i 

835.292 

20 

0 

0 

0 

H 

m 

Excitotion 

li 

833.742 

6 

0 

0 

0 

0 

mm 

Dissac . 

832.927 

7 

0 

0 

0 

0 

Is 

Dissoc. 

835.096 

41 

0 

0 

0 

0 

511 

Excitotion 

Nry  *] 
765.140 

67 

51 

51 

0 

0 

16 

Dissac . 

i 

n2  #1 

1238,81 

<0.1 

0 

0 

0 

0 

<0.1 

Excitotion 

3 

1242,80 

^0.1 

0 

0 

0 

0 

<0.1 

Excitotion 

Table  l2-6b.  Moleculor  nitrogen,  N2 :  photon  cross-sections  for  strong 
emission  lines  in  megaborns  (10"'®  cm2).  References:  12-4 
12-5,  12-27,  12-29,  12-33,  12-42,  12-44,  12-45, 


Emission 

Tato! 

lanizatian 

Ian  Products0 

Neutrol 

Remarks 

Lines  (A) 

aT 

*i 

ai 

X 

a'A 

a. 

•B 

Product 

Nn  * 2 

916.700 

14-32 

0 

0 

0 

0 

14-32 

Excitotion 

k 

916,004 

.4-2.8 

0 

0 

0 

0 

.4-2.8 

Dissoc. 

915.955 

.4-2.8 

0 

0 

0 

0 

.4-2.3 

Dissoc. 

1 

915.603 

.8-1.7 

0 

0 

0 

0 

.8-1.7 

Excitotion 

1 

NJirt  ^9 

764.357 

13 

10 

10 

0 

0 

3 

Dissoc . 

j 

763.340 

28 

19 

19 

0 

0 

9 

Dissoc. 

703.850 

22 

20 

4 

16 

0 

2 

9 

702.899 

23 

21 

4 

17 

0 

2 

702.822 

23 

21 

4 

17 

2 

Dissac . 

702.332 

24 

22 

5 

17 

0 

2 

Dissoc. 

Oj2 

790.203 

22 

10 

10 

0 

0 

12 

Dissoc . 

\,S. 

787.710 

10 

8 

8 

0 

0 

2 

Dissoc. 

790. 103 

28 

11 

ll 

0 

0 

17 

Dissoc. 
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Tabl*-.  !2-6b.  (Cont'd.) 


Emission 
Lines  (A) 

Total 

aT 

Ionization 

CT; 

Ion  Products0 

Neutral^ 

aN 

Neutral 

Product 

Remarks 

BB 

BB 

Gy#! 

629.732 

23 

23 

8 

9 

6 

0 

_ 

_ 

Nates: 

a  , 
i  on 


f 


product  cross-sections:  Ojx,  (X  ;ajA  ,  (A  ;  ff.g  ,  (B  *E*)  . 


Neutral,  or  non-ionized  product,  cross-section,  =  (J^.  -a.(  . 

No  dissociation  continuum  identified  in  this  region.  Near  forbidden 
bands  w  -X  (15,  0)  and  a  -  X  (16,  0),  Reference  12-42. 

In  region  where  lhere  are  sharp  electronic  vibration-rotation  bands 
making  it  difficult  to  predict  the  effective  cross-sectians. 

The  line  834.467  should  largely  excite  b* (25)  (^E+)  R(0,  1,2)  at 
834.470  (sharp  band-head).  Other  lines  should  lead  to  dissociation 
with  all  product;  except  two  2p  otoms  possible.  Nearby  lines  will 
lead  to  excitation  if  emission  line  is  broadened.  Closest  lines: 
833.332  -  c6'(o)  (’Ey)  R(14)  at  .346;  832.762  -  Cc(2)  OZ*  !(9)  at 
.660, and P(10)  at  .786  (Reference  12-87). 


Excitation  predicted  because  lines  near  a  number  of  week,  high— 
rotational-quantum  -number  lines.  These  are  interim  values.  There 
is  large  disagreement  between  different  measurements.  Large 
variation  of  cross -sect  ion  with  number  density,  which  indicates 
line  '-hsatption, 

^  Predict  dissociation,  any  pair  of  ^S,  ^D,  and  ^p  atoms  energetically 
possible . 


'■S/s  t  *  % 


r* .  oao  /  \  / 1  \  ntc\  . 

iui  u* c^u/v  »iy;  v\j)  or  .okjh  \snarp  nne;  excirea;  rar 
835.096,  05(a)  (^Tly)  R(l)  at  .097  (shorp  line)  excited;  predict 
photodissociation  othei  lines,  all  products  except  two  2p  atoms 
possible.  There  are  nearby  N2  lines  thot  will  lead  to  excitation 
also,  if  emission  lines  broadened.  Closest  are  833.742  -  c^  (o) 
(’Ey)iV0)ot.717  and  P(l)  at  .772;  832.927  -  appears  to  be  a  very 
weak  bard  in  this  region  (Reference  12-87) 

Predict  phot,,  dissociation,  any  combination  except  two  ^P  atoms. 

No  accurate  measurements  at  these  lines.  No  continuum  observable. 
In  weak  forbidden  bond  region.  Nearest  band  is  w  -  X  (6,0). 
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Table  12-6.  (Cant'd.) 

Notes  (Ccnt'd.) 

k 

In  region  with  many  bands  having  sharp  rotation  lines.  For 
916.700,  predict  excitation  of  b(l  1 ) Q(6)  at  .710;  for 
915.603,  predict  excitation  of  b'  (8)(^I,  )  P ( 1 8) ,  R(2 1 )  at  .592. 

The  other  two  lines  appear  to  be  In  continuum  region  and  predict 
dissociation  giving  one  plus  ^S,  ^D,  ar  atom.  Range  of 
values  found  at  different  column  densities  due  to  inadequate 
resolution  (Reference  87). 

I 

Dissociotion  predicted,  since  in  a  diffuse  rctational  line  region. 

Some  variation  with  column  density;  it  is  possible  that 

787.710  might  have  an  effective  cross-section  up  to  20  in  some  cases. 


Table  12-7a.  Molecular  oxygen,  C>2:  photan  cross-sections  for  very  strong 
emission  lines  in  megabarns  (10”^  cm^).  References:  12-4, 


12-5,  12-27  through  12-30,  12-33. 


Emission 

E^SIl 

Ionization 

Ion  Products0 

Neutral^ 

Neutral 

Remarks 

L.nes  (A) 

m 

ai 

a. 

IX 

°iaA 

aib 

Product 

njj 

1085.70 

2.4 

0 

0 

0 

2.4 

Dissoc. 

c 

1084.57 

1.4 

0 

0 

0 

1.4 

Dissoc . 

1083.98 

1.1 

0 

0 

D 

0 

1.1 

Dissoc. 

1085.54 

2.2 

0 

0 

K3 

0 

2.2 

Dissac . 

On  #1 

OO A  Atn 
»*tu/ 

i ; 

*  i 

A 

-t 

A 

— 

q 

a 

7 

833.332 

id 

6 

6 

0 

0 

9 

Pissac . 

832.762 

26 

10 

10 

0 

0 

16 

Dissoc. 

Nffi  f  ‘ 
991.5/9 

1.8 

m 

■ 

0 

0 

HI 

d 

989.790 

1.4 

mSm 

1.0 

0 

0 

‘ESI 

991.514 

1.P 

mm 

1.2 

0 

0 

0.6 

Dissoc . 

Nffl  #3 

685.816 

18 

18 

6 

H 

2 

0 

635.513 

18 

18 

6 

19 

2 

0 

- 

686.335 

22 

22 

m 

2 

0 

- 

684.996 

26 

26 

m 

2 

0 

— 

— 
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Table  12-7a.  (Cont'd.) 


Emission 

Total 

lonitatian 

'on  Products0 

Neutral^ 

Neutral 

Remarks 

Lines  (A) 

CT 

CTj 

0. 

IX 

EM 

aib 

CN 

Product 

ojh'1 

835.292 

10 

4 

4 

0 

0 

6 

mm 

833.742 

13 

5 

5 

0 

0 

8 

832.927 

26 

10 

0 

0 

16 

1 

835.096 

10 

4 

4 

0 

0 

6 

Dissoc . 

1 

Njy  #1 
765.140 

23 

12 

11 

■ 

H 

11 

Dissoc. 

e 

^1 

1238.81 

0.3 

0 

0 

H 

H 

0.3 

Dissoc. 

f 

1242.80 

4±2 

0 

m 

0 

H 

4  ±  2 

Dissoc. 

Toble  l2-?b.  Moleculor  oxygen,  O2:  photon  crass -sections  for  strong 

emission  lines  in  megobarns  (10”^®  cm^).  Refe»ences:  12-4, 
12-5,  12-27  through  12-30,  12-33,  12-49. 
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Toble  l2-7b.  (Cant‘d.) 


Emission 
Lines  (A) 

Ian  Products0 

Neutral^ 

aN 

Neutral 

Product 

i  . 

Remarks 

aix 

CTiaA 

aib 

Ov  #1 
629.732 

30 

29h 

6 

10 

12 

1 

Dissac . 

Nates: 

a  2  4  2 

Ian  product  crass-sectians:  rr;x,  (X  II)  ;  <7.  A  ,  (a  n  )  and  (A  n  .)  ; 
_  /.  4_ -«  y  laA  u  u 

aib'(b  Sg)  • 

Neutral,  ar  nanicnized  product,  crass-s?  ion,  v/|^  =  or  j  —  cr  •  . 

C  Dissociation  products  can  be  any  carr-binatian  of  the  atomic  states 
P,  ^D,  except  twa  S  atoms. 

b  Dissocia:i,y;t  products  can  be  any  combination  af  the  atomic  states 
3P,  ’O.  and  ]S. 

*2  4 

The  value  in  a |a^  column  refers  only  to  the  (a  ny)  state. 

Dissociation  products  can  be  any  combination  af  the  atomic  states 
3P,  ^D,  1$,  except  and  twa  atoms. 


®  There  is  structure  in  this  region,  especially  at  916.700,  but  the 
bands  appear  ta  be  diffuse  indicating  dissociation. 

Dissociative  ianizatian  crass-sectian  is  1  Mb  *ith  products 
Of3?)  and  O'* (^S)  (Reference  12-49). 


Toble  l2-8a.  Atomic  axygen  O  ,  ond  atomic  nitrogen,  N:  phatan  crass- 

sectians  far  very  Strang  emission  lines  in  megabarns  (lO^^cm*). 
References:  O:  12-5,  12-36,  12-37,  12^6,  12-48,  12-49,  12-51 
N;  12-57,  12-58 


ATOMIC  OXYGEN 


Emission 
Lines  (A) 

Total0 

Ion  Products6 

TatalC,b 

a. 

i 

aiS 

aiD 

*5P 

a. 

i 

0 

0 

0 

0 

0 

1084.57 

0 

0 

0 

0 

0 

1083.98 

0 

0 

0 

0 

1085.54 

0 

0 

0 

_  0 

ATOMIC  NITROGEN 
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Toble  12-8u.  (Cont'd.) 


Emission 
Lines  (A) 

ATOMIC  OXYGEN  j 

ATOMIC  NITROGEN 

Total° 

6 

ion  Products 

Totol°'b 

aiS 

aiD 

CT;p 

ai 

°R  #1 
834.467 

2.6 

2.6 

0 

0 

10 

833.332 

2.6 

2.6 

0 

0 

10 

832.762 

2.6 

2.6 

0^ 

10 

njtt 

991 .579 

0 

0 

m 

0 

989.790 

oc 

0 

0 

991.514 

0 

0 

0 

%  '3 
685.816 

6.5 

3.0 

3.5 

■ 

6 

685.513 

6.5 

3.0 

3.5 

0 

6 

686.335 

6.5 

3.0 

3.5 

0 

6 

684.996 

6.3 

3.0 

3.5 

0 

6 

°m 

835.292 

2.6 

2.6 

0 

0 

10 

823.742 

2.6 

2.6 

0 

0 

1  O 

832.927 

2.6 

2.6 

C 

0 

10 

835.096 

2.6 

2.6 

0 

0 

10 

Nr?  *\ 
765.140 

3.0 

3.0 

0 

0 

1C 

N37  *1 
1238.81 

0 

n 

9 

0 

0 

1242.80 

0 

0 

■ 

0 

0 

Table  12-8b.  Atomic  oxygen,  O  ,  ond  atomic  nitrogen,  N:  photon  cross- 
sections  for  strong  emission  lines  inmegobarns  (10*1®  cm^). 
References:  O:  12-5,  12-36,  12-37,  12-46,  12-48,  12-49,  12-51 


Emission 
Lines  (A) 


Nn  »2 
916.700 
916.004 


N:  12-57,  12  5? 


ATOMIC  OXYGEN 

ATOMIC  NITROGEN 

Totol° 

Ion  Products6 

Total  °,b 

aiS 

aiD 

CT;p 

ai 

0d 

n 

0 

0 

0 

0® 

mm 

0 

_ 1 

0 

1 _ 

0 
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Table  12-8b.  (Cant'd.) 


Emission 
!  Lines  (A) 

ATOMIC  OXYGEN 

ATOMIC  NITROGEN  1 

Totc.1  ° 

Ion 

Products6 

Tota|a'b 

CTi 

K89 

°\Q 

aiP 

CTi 

S  Nn  *2  (Cont'd,) 

915.955 

0d 

0 

0 

0 

0 

915.603 

O*1 

0 

1  0 

0 

0 

Nm  #2 

i 

I 

| 

764.357 

3.0 

:  o 

0 

10 

763.340 

3.0 

3.0 

0 

0 

10 

703.850 

6.5 

3.0 

3.5 

0 

9 

702.899 

6.5 

3.0 

3.5 

0 

9 

702.822 

6.5 

3.0 

3.5 

0 

9 

702.332 

6.5 

3.0 

3.5 

0 

9 

°J3Z 

790.203 

2.9 

2.9 

0 

0 

10 

787.710 

2.9 

2.9 

0 

0 

10 

790.103 

2.9 

2.9 

0 

0 

10 

629.732 

9.0 

2.7 

4.0 

2.3 

12 

Notes; 

°  The  fatal  absorption  cross-section  is  equal  to  the  totol  photoionization 
crass-section  in  the  continuum  regions,  except  where  overlap  with 
atomic  lines  occurs  as  referenced  in  footnotes. 

The  only  ion  product  will  be  the  3p  state  of  HT,  due  to  photon  energy. 


This  line  may  overlap  an  atomic  oxygen  absorption  line  ot  990. 13  A 
giving  an  effective  cross-section  of  up  to  10. 
d 

These  lines  probobly  averlop  several  atomic  oxygen  lines  af  series 
converging  to  the  first  ionization  threshold.  Effective  a  large 
(possibly  100  Mb)  and  dependent  an  emission  line  width.  This 
absorption  does  not  lead  to  ionization.  The  interval  to  neorest  line 
is  .116,  .013,  .036,  and  .104 A,  respectively, 

e  The  subscripts  iS,  iD,  ond  ip  refer  to  the  atomic  oxygen  ion  stotes 
“*$,  ^D,  and  %P,  respectively. 
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Toble  12-9a.  Nitric  oxide,  NO:  photon  cross-sections  for  very  strong 
emission  lines  in  megobarns  (10“^®  cm^).  References:  12-4, 
12-5,  12-61,  12-88. 


Emission 
Lines  (A) 


1085.70 

1084.57 

1083.96 

1085.54 


°n  #1 

834.467 

833.332 

832.762 


Nm*l 

991.579 

989.790 

991.514 

% 

685.816 

685.513 

686.335 

064.996 


Orrr  ^1 
835.292 
833.742 
832.927 
835.096 


Njy  *1 
765.140 


Ion  Products 


Neutrol 


DNA  1948H 


Table  1 2 -9b .  Nitric  oxide,  NO:  photon  cross-sections  for  strong  emis¬ 
sion  lines  in  megobarns  (10-^®  cm  ).  References:  12-4, 
12-5,  12-61,  12-88. 


12-40 


CHAPTER  12 


REFERENCES 

12-1.  Weissier,  G.  L.  ,  in  Mandbuch  der  Physik,  S.  Fliigge,  Ed., 
Springer- Verlag,  Ber lin  ( 1  966) ;  Vol.  21. 

12-2,  Marr,  G.  V.  ,  Photoionization  Processes  in  Gases,  Academic 

Press,  New  York  (1967);  Proc.  Roy.  Soc.  A228,  531  (1965). 

12-3.  Schoen,  R.  I.  ,  Proc.  IAGA  Symp.  Lab.  Aeronomy,  York 

Univ.  ,  Toronto,  Canada  ( 1968) ;  Can.  J.  Chem.  47,  1879 
(1969). 

12-4.  Watanabe,  K.  ,  Adv.  Geophys.  _5,  153  (1958). 

i2-5.  Huffman,  R.  E.  ,  Proc.  IAGA  Symp.  Lab.  Aeronomy,  York 
Univ.,  Toronto,  Canada  ( 1968);  Can.  J.  Chem.  47,  1823 
(1969);  in  Handbook  of  Geophysics  and  Space  Environments, 
S.  L.  Valley,  Ed.,  McGraw-Hill,  New  York  ( x965). 

12-6.  Kieffer,  L.  J.  ,  Univ.  of  Colorado,  JILA  Information  Center 
Report  No.  5  (1968). 

12-7.  Hudson,  R.  D.  ,  Revs.  Geophys.  Space  Phys.  %  305  (1971). 

12-8.  Ditchburn,  R.  W.  ,  and  P.  A.  Young,  J.  Atm.  Tcrrestr.  Phys. 
24,  127  (1962). 

12-9.  Blake,  A.  J.  ,  J.  H.  Carver,  and  G.  H.  Haddad,  J.  Quant. 
Spec'.ry.  Radiative  Transfer  6,  451  (1966). 

12-10.  Thompson,  B.  A.  ,  P.  Harteck,  and  R.  R.  Reeves,  J.  Geophys. 
Res.  68,  6431  (1963). 

12-11.  Hudson,  R.  D.  ,  and  V.  L.  Carter,  J.  Opt.  Soc.  Am.  58, 

1621  (1968). 

12-12.  Farmer,  A.  J.  D,  ,  W.  Fabian,  B.  R.  Lewis,  K.  H.  Lokan, 

and  G.  N.  Haddad,  J.  Quant.  Spectry.  Radiative  Transfer 
8.  1739(1968). 

12-13.  Ackerman,  M.  ,  F.  Biaume,  and  G.  Kockarts,  Planet.  Space 
Sci.  18,  1639  (  1970). 

12-14.  Carroll,  P.  K.  ,  Astrophys.  J.  129,  794  (1959);  reference? 
cited  therein. 


12-41 


DNA  1948  H 


12- i5.  Bethke,  G.  W.  ,  J.  Chem.  Phys.  31,  669  (1959). 

12-16.  See  reference  12-4  for  earlier  work  in  this  region. 

12-17.  Metzger,  P.  H.  ,  and  G.  R.  Cook,  J.  Quant.  Spec'rry.  Radiati/e 
Transfer  107  (1964). 

12-18.  Huffman,  R.  E.  ,  Y.  Tanaka-,  and  J.  C.  Larrabee,  Disc. 
Faraday  Soc.  3J7*  154  (1964). 

12-19.  Goldstein,  R.  ,  and  F.  N.  Mastrup,  J.  Opt.  Soc.  Am.  56, 

765  (1966). 

12-20.  Noxon,  J.  F.  ,  private  communication. 

12-21.  Sullivan,  J.  O.  ,  and  P.  Warneck,  J.  Chem.  Phys.  46,  953 
(1967). 

12-22.  Young,  R.  A.  ,  and  G.  Black,  J.  Chem.  Phys.  47,  2311  (1967). 

12-23.  Evans,  J.  S.  ,  and  C.  J.  Schexnayder,  NASA  Tech.  Rept.  R-92 

(1961). 

12-24.  Hudson,  R.  D.  ,  V.  L.  Carter,  and  J.  A.  Stein,  J.  Geophys. 
Res.  71,  2295  (1966). 

12-25.  Ogawa,  M.  ,  J.  Geophys.  R.es,  73,  6759  (1968). 

12-26.  Huffman,  R.  E.  ,  D.  E.  Paulsen,  J.  C.  Larrabee,  and  R.  B, 
Cairns,  J.  Geophys.  Res.  76,  1028  (1971). 

12-27.  Samson,  J.  A.  R.  ,  and  R.  B.  Cairns,  J.  Geophys.  Res.  69, 
4583  (1964). 

12-28.  Huffman,  R.  E.  ,  J.  C.  Larrabee,  and  Y.  Tanaka,  J.  Chem. 
Phys.  40,  356  (1964). 

12-29.  Cook,  G.  R.  .  and  P.  H.  Metzger,  J.  Chem.  Phys.  H,  321 
(1964). 

12-30.  Matsunaga,  F.  M.  ,  and  K.  Watanabe,  Science  of  Light  1_6,  31 
( 1  967). 


12-42 


CHAPTER  12 


12-31.  Weissler,  G.  L.  ,  J.  A.  R.  Samson,  M.  Ogawa,  and  G.  R.  Cook, 
J.  Opt.  Soc.  Am.  49,  358  (1959). 

12-32.  Doolittle,  P.  H.  ,  R.  I.  Schoen,  and  K.  E.  Schubert,  J  Chem. 
Phys.  42,  5108  (1968). 

12-33  Blake,  A.  J.  ,  and  J.  H.  Carver,  Phys.  Letts.  1_9>  387(1965); 
J.  Chem.  Phys.  47,  1038(1967). 

12-34.  Evans,  W.  F.  J.  .  D.  M.  Hunter,  E.  J.  Llewellyn,  and  A.  Val- 
lance  Jones,  J.  Ceophys.  Res.  73,  2885  (1968). 

12-35.  Wayne,  R.  P.  ,  Quart.  J.  Roy.  Meteorol.  Soc.  43,  69  (1967). 

12-36.  Huffman,  R,  E. ,  J.  C.  Larrabee,  and  Y.  Tanaka,  J.  Chem. 
Phys.  46,  2213  (1967). 

12-37.  Huffman,  R.  E.  ,  .T.  C.  Larrabee,  and  Y.  Tanaka,  J.  Chem. 
Phyu,  47,  4462  (1967). 

12-38.  Alberti,  F.,  R.  A.  Ashby,  and  A.  E.  Douglas,  Can.  J.  Phys. 
46,  337  (1968). 

12-39.  Clark,  I.  D.  ,  and  R.  P.  Wayne,  J.  Geophys.  Res.  75,  699 
(1970);  Mol.  Phys.  18,  523  (1970). 

12-40.  Hunten,  D.  M.  ,  and  M.  B.  McElroy,  J.  Geophys.  Res.  7_3, 

2421  (1968). 

12-41.  Appleton,  J.  A.  ,  and  M.  Steinberg,  J.  Chem.  Phys.  46,  1521 

t  1  Q  A  7\ 

12-42.  Ching,  B.  K.  ,  G.  R.  Cook,  and  R.  A.  Becker,  J.  Quant. 
Spectry.  Radiative  Transfer  _7,  323  (1967). 

•  2-43.  Hudson,  R.  D.  ,  and  V.  L.  Carter,  T.  Geophys.  Res.  74,  393 
(1969). 

12-44.  Huffman,  R.  E.  ,  Y.  Tanaka,  and  J.  C.  Larrabee,  J.  Chem. 
Phys.  39,  910  (1963). 

12-45.  Unpunished  data,  this  laboratory  (AFCRL). 


12-43 


DNA  1948H 


12-46.  Henry,  R.  J.  W.  ,  Planet.  Space  Sci.  1J>,  1747  (1967). 

12-47.  Dalgarno,  A.,  R.  J.  W.  Henry,  and  A.  L.  Stewart,  Planet. 

Space  Sci.  1_Z ,  235  (1964);  references  cited  therein. 

12-43.  Cairns,  R.  B.  ,  and  J.  A.  R.  Samson,  Phys.  Rev.  5,  A1403 
(1965). 

12-  49.  Comes,  F.  J.  ,  F.  Speier,  and  A.  Elzer,  Z.  Naturforsch. 

23a.  1 14  (1968). 

12-50.  Huffman,  R.  E.  ,  J.  C.  Larrabee,  and  Y.  Tanaka,  Phys.  Rev. 
Letts.  16.  1033  (1966). 

12-51.  Henry,  R.  J.  W.  ,  Planet.  Space  Sci.  ^6,  1503  (1968). 

12-52.  Henry,  R.  J.  W.  ,  private  communication. 

12-53.  Huffman,  R.  E.  ,  and  J.  C.  Larrabee,  J.  Geophys.  Res.  73, 
7419(1968). 

12-54.  McGrath,  W.  D.  ,  and  J.  J.  McGarvey,  Planet.  Space  Sci.  1_5, 

427  (1967). 

12-55.  Ali,  A.  W.  ,  U.  S.  Naval  Research  Laboratory,  Plasma 
Dynamics  Technical  Note  No.  32  (1971). 

12-56.  Henry,  R.  J.  W.  ,  Astrophysical  J.  161,  1153  (1970). 

12-57.  Comes,  F.  J.  ,  and  A.  E^er.  Z.  Naturforsch.  23a,  133 
(1963). 

12-58.  Henry,  R.  J.  W.  ,  J.  Cher-).  Phys.  48,  3635  (1968). 

12-59.  Carroll,  P.  K.  ,  R.  E.  Huifman,  J.  C.  Larrabee,  and  Y.  Ta¬ 
naka.  Astrophys.  J.  146,  553  (1966). 

12-60.  Wat&nabe,  K.  ,  J.  Chem.  Phys.  22,  1564  (1954);  Marino,  F.  F.  , 
J,  Opt.  Soc.  Am.  43,  1186  (1953). 

12-61.  Watanabe  K. ,  F.  M.  Matsun:.ga,  and  H.  Sokai,  Appl.  Optics 
hj  39 1 


12-44 


CHAPTER  12 


12-62.  Leighton,  P.  A.  ,  Photochemistry  of  Air  x^oL  ation,  Academic 
Press,  New  York  (1961);  p.  48. 

12-63.  Inn,  E.  C.  Y.  ,  and  Y.  Tanaka,  J.  Opt.  Soc.  Am.  43,  870 
(1953). 

12-64.  Vigroux,  E.  ,  Ann.  Phys.  (France)  2,  209(1967). 

12-65.  Diitsch,  H.  U,  ,  Quart.  J,  Roy.  Meteorol.  Soc.  94,  483(1968). 

12-66.  Vigroux,  E. ,  Ann.  Phys.  (Paris)  709  (1953). 

Hunten,  D.  M.  ,  and  M.  B.  McElroy,  J.  Geophys.  Res.  T3, 

2431  (1968). 

12-f  8  McNesby,  J.  R.  ,  and  H.  Okabe,  Adv.  Photochem.  3^  157 
(1964). 

12-69.  Wayne,  R.  P.  ,  Quart.  J.  Roy.  Meteorol.  Soc.  93,,  69  (1967). 

12-70.  De  More,  W,  B.  ,  and  O.  Raper,  J.  Chem.  Phys.  44,  1780 
(1966). 

12-71.  Izod,  T.  P.  J.  ,  and  R.  P.  Wayne,  Nature  217,  947(1968). 

12-72  Huffman,  R.  E.  ,  J.  C.  Larrabee,  and  V.  C.  Baisley,  J.  Chem. 
Fhys.  50,  4594  (1969). 

12-73.  Nakata,  R.  S.  ,  K.  Watanabe,  and  F.  M.  Matsunaga,  Science 
of  Light  1_4,  j4  (1965). 

12-74.  Young,  R.  A.  ,  and  A.  Y.  M.  Ung,  J.  Chem.  Phys.  A4,  3038 

(1966);  Slanger,  T.  G.  ,  Ibid.  45,  4127(1966);  Warneck,  P.  , 
Ibid.  41,  3435(1964). 

12-75.  Cairns,  R.  B.  ,  and  J.  A.  R.  Samson,  J.  Geophys.  Res.  70, 

(1966). 

12-76.  Watanabe,  K.  ,  and  M.  Zelikoff,  J.  Opt.  Soc.  Am.  43_,  753 
(1953). 

12-77.  Watanabe,  K.  ,  and  A.  S.  Jursa,  J.  Chem.  Phys.  4_1,  1650 
(1964). 


12-45 


DNA  1948H 


12-78.  Katayama,  D.  J.  .  C.  L.  O'Bryan,  and  R.  E.  Huffman,  un¬ 
published  data,  AFCRL. 

12-79.  Herzberg,  G.  ,  Electronic  Spectra  of  Polyatomic  Molecules, 
Van  Nostrand,  New  York  (1966). 

12-80,  Samson,  J.  A.  R.  ,  and  R.  E.  Cairns,  J.  Opt.  Soc.  Am,  56, 

769  (1966). 

12-81,  Watanabe,  K,  ,  T.  Nakayama,  and  J.  Mottl,  J.  Quant. 
Spcctry.  Radiativ.  Transfer  2,  369  (1962). 

12-82.  Worley,  R.  E,  ,  and  F.  A.  Jerkins,  Phys.  Rev.  M,  305(1938). 

12-83.  Eriksson,  K.  B.  S.  ,  and  H.  B,  S.  lsberg,  Ark.  Fys.  24,  549 
(1963). 

i.2-84.  Herron,  J.  T.  ,  and  H.  1.  Schiff,  J.  Chem.  Phys.  2A,  1266 
(1956). 

12-85.  Watanabe,  K.  ,  J.  Chem.  Phys.  22,  1564  (1954). 

12-86.  Bowen,  I.  S.  ,  Astrophys.  J.  121,  306  (1955). 

12-87.  Yoshin.o,  K. ,  AFCRL,  private  communication  (to  be  pub¬ 
lished).  (Wavelengths  and  classifications  from  6,  8  meter 
spectrograph  plates. ) 

12-88.  Bahr,  J.  L.  ,  A.  J.  Blake,  J.  H.  Carver,  J.  L.  Gardner,  and 
V.  Kumar,  Dept.  Physics,  Univ.  Adelaide,  Australia, 
Pept.  No.  ADP  84  (1970). 

12-89.  Samson,  J.  A.  R.  ,  and  R.  B.  Cairns,  J.  Op1;.  Soc.  Am.  55, 
1035  (1965). 

12-90.  Samson,  J.  A.  P„.  ,  Adv.  Atom.  Mcl.  Phys.  2,  177  (1966). 


12-46 


CHAPTER  13 


13.  PHOTOCHEMICAL  PROCESSES;  SOLAR 
PHOTOIONIZATION  RATE  CONSTANTS 
AND  ULTRAVIOLET  INTENSITIES 

T.J.  Kenesheo,  R.E.  Huffman,  and  J.D.  George 
Air  Force  Cambridge  Research  Laboratories  (AFSC) 
(Latest  Revision  7  December  1971) 


13.1  FIRST -ORDER  RATE  CONSTANTS 

In  ionospheric  computations,  it  is  often  necessary  to  have  some 
knowledge  of  the  ionization  produced  by  incident  solar  radiation. 

The  intensity  of  this  radiation  arriving  at  a.  specific  altitude  depends 
upon  several  factors  including  its  intensity  at  the  top  of  the  atmo¬ 
sphere,  the  absorption  cross-sections  over  the  wavelength  region 
that  produces  the  ionization,  and  the  neutral  ambient  atmosphere 
that  absorbs  the  radiation  as  it  penetrates  to  this  altitude.  Since  it 
is  convenient  in  most  chemical  computer  codes  co  include  the  ioni¬ 
zation  of  neutral  atmospheric  species  as  specific  chemical  reactions 
e.g.: 


N2  +  hU  -  N*  +  e  , 

typical  calculations  of  first-order  rate  constants  for  solar  photoioni¬ 
zation  are  presented  in  this  chapter.  In  order  to  obtain  ion-pair 
production  rates,  these  rate  constants  are  simply  multiplied  by  the 
local  neutral  species  concentrations.  It  should  be  pointed  out  that 
the  tables  presented  here  are  for  a  specific  neutral  atmosphere;  a 
different  ambient  atmosphere  would  yield  other  rate  constants. 

The  solar  flux  and  cross-section  value  3ed  in  these  calculations 
are  presented  in  Table  13-1.  The  wavelengths  are  restricted  to  the 
region  which  primarily  contributes  to  photoionization.  This  region 
includes  the  h  irogen  Lyman-a  line  at  1215.  7  A  and  all  wavelengths 
from  the  molecular  oxygen  photoionization  threshold  (1027.  8  A)  to 
1  A.  The  latter  region  effectively  begins  at  the  hydrogen  Lyman-/9 
line  at  1025.  7  A.  The  atmospheric  gases  included  are  ,  N2  ,  G, 
and  NO  .  Further  discussion  of  the  crosr.- sections  is  given  in  Chap 
ter  12  of  this  Handbook.  The  cross-sections  ^iven  here  are  for  the 
lines  and  wavelength  ranges  of  solar  flux  as  reported,  and  therefore 
include  average^  not  given  in  Chapter  12, 
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In  Table  13-1,  the  solar-flux  intensities  incident  on  the  earth's 
atmosphere  from  1215.  7  to  270  A  are  taken  from  Hall  and  Hintereg- 
ger  (Reference  13-1).  For  shorter  wavelengths,  values  and  refer¬ 
ences  given  by  Hinteregger  (Reference  13-2)  and  by  Swider  (Refer¬ 
ence  13-3)  are  used.  The  contribution  from  the  region  33.  6-10  A  is 
generally  considered  small  and  is  not  included.  Further  discussion 
of  the  solar-flux  measurements  is  given  in  Section  13.2  of  this  Chap¬ 
ter. 

The  cross-sections  for  total  absorption  and  for  total  photoioniza- 
tion  are  obtained  by  consideration  of  all  reported  experimental  and 
theoretical  values.  References,  definitions,  and  a  discussion  of  the 
absorption  spectra  are  given  in  Chapter  12  for  values  to  304  A.  At 
shorter  wavelengths,  absorption  values  are  taken  from  Swider  (Refer¬ 
ence  13-3), 

The  problem  of  calculating  absorption  in  a  region  of  sharp  lines 
is  encountered  here,  especially  for  molecular  nitrogen.  Cases  ex¬ 
ist  for  which  strong  solar  lines  overlap  sharp  rotational  structure 
and  where  the  solar  flux  is  reported  over  a  wavelength  range.  The 
present  calculation  does  not  solve  these  problems  accurately.  A 
more  satisfactory  solution  must  await  an  improved  knowledge  of 
both  the  solar  flux  and  the  cross  -  sections.  For  wavelength  regions 
having  little  structure  or  broad,  diffuse  bands,  an  average  value  is 
used.  For  several  regions  in  nitrogen,  atechnique  similar  to  earlier 
calculations  (Reference  13-4)  is  used,  wherein  an  average  cross- 
section  is  assigned  to  a  fractional  part  of  the  flux  in  the  range  <_  n- 
sidered.  This  procedure  is  considered  adequate,  except  perhaps 
for  the  case  of  nitrogen  in  the  solar  Hyman  continuum.  For  short- 
wavelength  regions,  averages  have  been  found  from  enlarged  plots 
of  the  original  data. 

The  total  photoionization  cross-sections  presented  in  Table  13-1 
refer  to  ionization  products  in  any  state  of  excitation.  For  shorter 
wavelengths,  they  also  include  multiple  ionization  caused  by  collisions 
of  energetic  photoelectrons  with  other  atmospheric  gases. 

The  energy  per  ion-pair  is  assumed  to  be  typical,  viz.,  35  eV. 

The  photoionization  of  NO  is  only  important  at  the  hydrogen  Lya 
line,  and  the  cross-section  (Reference  13-5)  used  here  is  2.  02x  10”*® 
cm2.  The  photoionization  of  the  0£(a  ^Ag)  metastable  state  between 
1118  and  1027  A  has  not  been  included  because  of  indications  (Refer¬ 
ence  13-6)  of  decreased  rates  due  to  CO2  absorption. 
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The  first-order  rate  constants  for  photoionization  are  computed 
in  Tables  13-2  through  13-7  for  a  latitude  of  30°  N  a..d  a  solar  de¬ 
clination  of  0°.  Each  of  the  three  pairs  of  tables  in  this  group  is 
computed  for  a  given  solar  zenith  angle  viz.  ,  30°,  6C°,  75°.  The 
first  or  even-numbered  table  in  each  pair  lists  the  model  atmo¬ 
sphere  and  the  integrated  column  densities.  Each  succeeding  odd- 
numbered  table  then  gives  the  first-order  rate  constants  for  , 

0+  .  0+  ,  and  NO*  production  appropriate  to  that  model.  The  rate 
constants  are  computed  over  the  altitude  range  60-200  km.  The  lover 
limit  is  chosen  because  cosmic-ray  ionization  generally  exceeds 
the  ETJ  V  ionization  below  this  altitude.  The  upper  limit  is  arbitrary. 

The  number-density  profiles  of  O 2  >  h'2  ,  and  C  from  zero  alti¬ 
tude  to  520  km  are  from  Chapter  2  of  the  Handbook.  Only  the  por¬ 
tions  of  these  profiles  between  60  and  200  km  are  considered  in 
Tables  13-2  through  13-7.  The  column  densities  are  computed  by 
performing  a  numerical  integration  along  the  ray  path,  assuming 
a  spherical  earth  from  the  given  altitude  to  the  top  of  the  atmo¬ 
sphere  ( 520  km)  at  the  indicated  solar  zenith  angle.  This  maximum 
altitude  is  chosen  because,  for  ray  paths  that  extend  down  to  the  D- 
and  E-regions,  species  concentrations  above  520  km  do  not  contri¬ 
bute  significantly  to  the  absorption  integrals.  The  integration  is  car¬ 
ried  out  using  Simpson's  rule,  with  1-km  increments  along  the  ray 
path  for  and  N2  and  with  0.  5-km  increments  for  O  . 

Let  4* a  (AX)  be  the  photon  flux  incident  on  the  top  of  the  atmo¬ 
sphere  and  $Z(AX)  be  the  local  photon  flux  at  some  altitude  z  in  the 
wavelength  range  AA  .  Then: 

$Z{AX)  =  *JAX)e'T(AX)  ,  (13-1) 

where  T(AX)  is  the  optical  depth  for  the  wavelengths  in  the  range 
AX  .  The  optical  depth  can  be  written  as: 

r(AX)  =  Tq  (AX)  +  tn  (AX)  +  rQ(AX)  .  (13-2) 

2  2 

The  optical  depth  for  eacn  constituent  1  fa  defined  as: 

r® 

t 0  (AX)  *  0O  (AX)  •  J  [Oz]dL  ,  (13-3) 

2  2  x 

T^tAX)  =  ffN  (AX)  ‘  J"[ N23dL  ,  (13-4) 
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and 


rQ(AX)  =  cr0(AX)  •  /  Co]dL  , 


(13-5) 


where  or(AX)  is  the  absorption  cross-section  at  AX  and  the  integrals 
represent  the  total  number  of  particles  in  a  sq  cm  column  extending 
from  z  to  the  top  of  the  atmosphere  along  the  path  L  . 


The  first-order  rate  constant  for  photoionization  of  ^  ,  and 

O  at  altitude  z  in  the  wavelength  range  given  in  Table  13-1  is: 

3 

k.(z)  =  2aj'(X)<IUX)  exp  ’[N.JdLj  ,  (13-6) 

X  j=l 

where  cy(X)  i*  the  ionization  cross-section  at  wavelength  X  for 
species  j  . 

The  tables  list  the  rate  constants  kj(z)  of  ,  N*  ,  and  0+  at 
the  specified  altitudes  for  the  given  solar  conditions.  Also  given 
are  the  rate  coefficients  for  the  production  of  NO+  by  Lyman  alpha. 
That  is: 


k(NO+) 


=  a’(L,> 


•  A 


(L  ) 
1  or 


expl 


’o2(V 


/"[ o2]<il) 


(13-7) 


13.2  SOLAR  ULTRAVIOLET  INTENSITIES 

Solar  ultraviolet  radiation  at  wavelengths  less  than  about  2900  A 
is  absorbed  in  the  earth's  atmosphere  and  therefore  does  not  pene¬ 
trate  to  around  level.  The  total  range  of  interest  bere  14000-1  A) 

u  u> 

has  been  studied  from  rockets,  satellites,  and  balloons,  and  the 
general  characteristics  of  the  radiation  have  been  described  in  seve - 
ral  reviews  (References  13-7  through  13-9).  Uncertainties  exist 
in  the  flux  values,  because  of  the  limited  number  of  measurements 
and  because  of  variations  in  emission  over  the  solar  cycle. 

The  solar  spectrum  from  4000  to  2085  A  appear  s  to  be  a  continua¬ 
tion  of  the  visible  spectrum  with  an  omission  continuum  containing 
superimposed  Fraunhofer  absorption  lines.  At  wavelengths  less 
than  2085  A,  there  is  a  gradual  change  to  a  spectrum  consisting  largely 
of  emission  lines  with  some  emission  contirua  superimposed. 
Toward  shorter  wavelengths,  the  emission  lines  tend  to  be  due  to 
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higher  ionization  state s  present  in  the  corona.  These  lines  also  tend 
to  increase  more  during  solar  flares. 

The  solar  flux  incident  on  the  earth's  atmosphere  in  the  wave¬ 
length  range  4000-  1  750  A  is  given  in  Figure  13-1.  The  intensities 
were  obtained  from  References  13-9  and  13-10.  The  region  3000- 
13.00  A  has  been  investigated  further  (References  13-11  through 
13-14),  and  most  results  support  the  measurements  (Reference 
13-15)  given  in  Figure  13-1,  The  solar  flux  intensities  at  wave¬ 
lengths  shorter  than  hydrogen  Lyman- a  ( 12 1  5.  7  A)  have  been  mea¬ 
sured  and  discussed  (References  13-1  through  13-3,  13-7,  13-9, 
13-10).  The  values  used  tor  the  calculations  of  this  chapter  are 
given  in  Table  13-1. 


Figure  13-1.  Solar  flux  incident  on  upper  atmosphere.  Values  from 
References  13-9  and  13-10.  Averaged  over  50A 
(4000-2650  A);  25  A  (2600-2000A);  unaveraged  (1950- 
1750  A). 
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c  K  tfl441N*4v4HN^4  4>fuH«4K^4)rgHHtt4  4  4-  N  N  H  ♦*  *< 

53brOftJ4>C»af)4tf4ieN44iBeN44iflOf.  J4»Oh.44)»«N44«:o 
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X  K-KKKKKf>-KKKKKKKKKKKKK^^><f^>sO^><fsO^>^>«><f»C<fsO<C 

5K44*«4«*  4  4  4  ♦  ♦  ♦  4  4  4  ♦♦  4  4  4  4  4  4  4  ♦♦♦♦♦4  4  *444 

O  ll>t49>O(MKnO»9«OkT44>>2(rnNH«i4ll>M«4M<CHCK0anr>  V>  O  « 
UCNON«4NHO«K^)IMP  lnrMNT4r4a«<£N«40NnoMAN;  f-  4SI 

v>  ♦  . . .  * . . 

ONl*))O^NNMNNHT4T4f4«4HHH*4HH<r<H9,(r«C«KKK«D«<£»tMr^ 

X 

o  o  49  O  •  o  Q  o  0  o  0  o  iQ  iQ  0  Q  49  O  O  O  O  0^  01  01  ^  (J1  0*  0*  (J1  ^  O'  ^  ^ 

Hf4*4HHHHHHHHf«r4HHT<Hf«H?4HHHHaOa«OOaoad<lO 
U»t««»»444*4444444444»4444444**4444*t 
UUJ^MJUJWUUWUllublblblWUJbJUMuUUlUiluUJbJblUlUJttJUHubllUliiWUJUt 

Z<£«fJ<C«4K4«4<M04N««'K<OI94nMMHOO<£H<0v4K^e4inOK)A 

<£irtf>^4ronn^NMN(VT4H^HH^T4«4HH^<r^««K4'K<£'0'Otf'^ 


7  o^>^sD*c»i>*<3J3*cj3^>ip>a'  ir>  i/>  u% 

T  T<»4f4HH*4H*4*4*4*4*4*4*4»4»4*4»4T<*4*4»<H^f4*4rt*4rlf4fl*<H^*<^ 
5X4444444444444444  4  4  4  4  4  4  4  4«44444444444 
jUUiuuiUfejWUiWbJWUiiubJUUtyUiuwUtkHMyuiuiiuUMi.k'  yujUMubJitiU 
o  M4«(r>KOKKH^JKHKM«e<lNonaanOKKcN4>nHo0'OH 
UUff>no4Hir«4nHo(Min.rKo^9'inHK  4  h  «  n«*0>  atib  <r  4  n  h  nc 

. . .  . . 4  •  • 

N>nniM(\iNH*««4«4*4H9,«KiO«lf>4<f49)^9)NfuNNH*4«4H«4H444l«i 

O  7 

^wHDooocoeeoeoec  00  oocr'no©ooooooriaoc  o 
4444444444444444444444*4444444444444 

UU  L«  ^1  Id  Id  Id  hi  >d  Id  fal  bl  <tJ  ^H»l  Id  hi  lit  hi  Id  In  Iti  111  fii  Id  liiU'htlilLiUlhJfaild  kl  til 
MU9'OMHHII'H4TlC)4Mlt«|Mr0no^|fl^KKin«IO^<£H9lO4«^ff> 
o  N.  irnat  4Nnui9>n0«utN9,MMnrgHtt«  oh4  b  inenff  «CNok^  ms 

X  . . 4  . .  .  .  . . .  . 

*4«4«4«K<£>in**P,V4*)rv<VfVT4T4«4  Hh  H0>9  N  NiClMT  ^^Wfori^»lS*IM(VfO 


3744444444444444444444444444444^444444 

JUliiUliUitJUJWliUtOUiWWbJUllv'teiUtUUIUJkifillkHUiUUWUUlutilUtUJiUUlWU- 
o  Pi(B«KokKo'ifi^oK^J3f  H(j'H^oiMvw^N0'<ronK^«^3j 
UC^O«nH«^^nMrl(ToNir>BnMOCV.H«lMM«N||>4MB(rK<CU>4 


NN^mNMnjHH«4*l«4«40l0'cK^^iM^  *  .f  ^nrilnKlrvjNNNNHrlTlHH 


h  «i  o  b  ooooooooooaa  oosjo<rc'0'<r<r<rc'<7'<rc'tf'<r<r<r<r<r 

HflHHHrlrlHrlrlrlHHHTlH  H  H  ^  H  tt  0«OOOaCOaOOai9«0 
44444444*444444444444444444444444444 
UUJikiiuUldliJUUILiiUJlJiUUJUUdtJUIUIbJUIUlldUVIldbJUIUMiJ  U  VJ  LJ  UJ  lil  LJ  LJ 
NU»4MKK«IA4n«nMtfM\JIM4  ff,UiWh4*tf>*KN«BB»«*Ko4  n  O 
7  \  NOMINhtdOtf'HK  4  H  OMA  mMHaniAKa4(P4l7>tA(V«^*llO«« 

HH«  k  41m  4  iMr  Pd  Pd  Pd  HHH  4-  40  w  Pd  Pd 


J  dN4<f  «a(V44«oN. 
ivriwunSJ  4  i  4  4  ima  t 


X  «OB«tt««««««9o«0«O«<IOtt««««kkkSk  KNKKkk 

s,:r7t7rrrv:v:r?r?rr??7tr7T?rrr:rrrrT7 

■JU  Id  L)ld  Id  Id  Ul  Id  lilld  ^1  Id  Li  Id  Id  yi  lil  ^1  Id  Ul  ^1  ^1  ^1  ^1  ^1  i(j  111  LI  Id  Id  Id  Id  Ij  Id  i.<  Li  Id 
O  <C'ClMA45kJr>mNOK^)KHiMy'M44'«M('llMT'«^kW(rk'fi«lAk1|A 
WC'lMMAlMMMA|AiMM/'44k)*,»AJ^TloO'*tC4NolA«IMAKfl<CNeiA«V 

0  »  . . Ill . . . .  *  «  4  I  t  •  * 

O'*  rgrgpgPdpjpjf^PdPdrjPjf^MrdPdiNj  (MajAi^hhpp<'(J'«K'MA||'4  4  Mnw 
X 


0Q0*0009«09CiflT|f4flP«lflPp«««lTlf«H<Hfl«IPHHfipri0 


(3  kl  Uj  ^  ^  ^  1  LJ  LJ  L I  V J  LJ  LJ  ^  ^  LJ  LJ  LJ  UJ  LJ  LJ  L^  LJ  LJ  LJ  LJ  LJ  lil  LJ  LJ  LJ  LJ  LJ  LJ  LJ  LJ  LJ  LJ 
ON  4  4  4  4  4  4  4.;  «*n04KO(LKO>'firi09>tfii09,N4KlP4)KKN«nNin<r 
X'£tt'£'£tt'£«'£0hf,-f<ditt<Mtr'«%6'£r-«40«4*ir<MK<WK'’t<r«.t«McS«>«'£ 


s00'vlTlH*4HHNI'>444^nKJ%^rl'H*lvlH4)S<C 


X  PHHOB0090«irO'0900lMrBBBCkkkKJ‘  S  S  k  s£  <£>•£>•£>  «C  <X> 
X  AJIMIMNAjNNAjAjMrlHTlHTlTl  vl  «l  rl  r<  P  P  P  H  rl  HHHHrlHHH  *-«*-«  *4 
3X444*4444444*4444  44  444444444444*44444 

•  J  U  LJ  LJ  LJkJkJLJlilLJLJLJLJb'LJLJLJLlUJUJ  LJ  LJ  111  L 1  LJ  Id  LJ  LJ  LJ  i<J  D  LJ  Li  l*J  LJ  LJ  LJ  li1 
«l/>0  N«lAIAlAl7'K«lA'si4U'lf>r)U'4:«tf'kAifi«l'Jf'j4tf'40i»K4K«4T^fLM 
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CHAPTER  14 


14.  KINETICS  OF  LOW-ENERGY  ELECTRON 
COLLISION  PROCESSES* 

L.J.  Kieffer  and  G.E.  Chamberlain 
Joint  Institute  for  Laboratory  Astrophysics 
University  of  Colorado 
(Latest  Revision  5  August  1971) 


14.1  INTRODUCTION 

The  calculation  of  rates  for  low-energy  electron  collisional  pro¬ 
cesses,  e.  g.  ,  ionization,  detachment,  dissociation,  dissociative 
attachment,  and  vibrational  and  rotational  excitation,  when  the  elec¬ 
tron  energy  distribution  is  non-Boltzmann  requires  the  direct  use  of 
cross-section  data.  Experimental  information  for  several  atomic 
and  molecular  species  of  atmospheric  interest  are  given  in  Figures 
14-1  through  14-90,  and  in  Tables  14-1  through  14-3  interspersed 
therewith.  The  data  given  in  each  graph  are  considered  to  be  of 
comparable  reliability  (see  References  14-1  and  14-2  for  a  discus¬ 
sion  of  the  criteria  used  in  selection  of  the  data).  The  observed 
differences  among  independent  measurements  are  probably  a  reason¬ 
able  measure  of  the  range  of  systematic  errors  and  hence  the  ac¬ 
curacy  of  the  data. 

In  the  particular  case  of  production  oi  3914  A  radiation  from 

the  experimental  results  are  seen  to  divide  into  two  curves  nearly 
a  factor  of  three  different  in  magnitude.  Although  all  measurements 
since  1968  are  close  to  the  excitation  curve  of  larger  magnitude, 
there  is,  as  yet,  no  objective  reason  for  eliminating  the  smaller 
magnitude  results. 

For  species  that  are  stable  at  room  temperature,  i.  e.  ,  ss  JUU  K, 
it  is  assumed,  since  the  data  were  taken  at  room  temperature  under 
equilibrium  conditions,  that,  the  initial  state  of  the  atom  or  molecule 
can  probably  be  characterized  by  a  Boltzmann  distribution  for  T  = 
300  K.  Unstable  species  that  were  generated  in  high-temperature 
ovens  or  discharges  are  assumed  to  be  in  the  ground  elect. -onic 
state  initially.  Data  for  these  species  were  selected  on  the  basis  of 
evidence  indicating  that  this  was  indeed  the  case. 


‘'This  research  was  supported  by  the  Advanced  Research  Projects 
Agency  of  the  Department  of  Elefense  and  was  monitored  by  Army 
Research  Office — Durham  under  Contract  No.  DA- 3 1  -  124 1  ARO- D- 
139. 
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Data  in  the  literature  on  dissociative  ionization  plus  excitation  are 
quite  new.  The  uniqueness  of  the  data  precludes  an  assessment  of 
reliability  by  comparison.  These  data  are  selected  in  part  on  the 
basis  of  evidence  that  the  author  has  accounted  for  systematic  effects 
due  to  the  kinetic  energy  of  the  dissociating  fragments. 

Information  on  the  state  of  the  ion  immediately  after  electron  col¬ 
lision  with  the  neutral  parent  atom  or  molecule  is  extremely  scarce 
and  is  usually  indirect.  For  example,  the  cross  -  sections  given  in 
Figures  14-35  and  14-47  are  for  production  of  the  radiation  of  the 
wavelength  indicated,  and  branching  ratios  must  be  known  in  order 
to  determine  the  population  of  the  state  radiating  that  wavelength. 

One  could  say  then  that  the  most  reliable  data  are  those  for  elec¬ 
tron  production,  i.  e. ,  total  cross-sections,  and  that  data  on  the  final 
states  of  the  ions  after  electron  impact  are  sketchy  and  mostly 
unreliable. 

In  regions  where  the  electron  energy  distribution  is  Boltzmann, 
a  rate  constant  can  be  obtained  by  using  equations  for  kj  for  elec¬ 
tron  collisions  given  in  Chapter  6.  For  the  purpose  of  estimating 
rates  for  ionization  by  electron  impact,  the  ionization  threshold  re¬ 
gion  is  most  important.  Unfortunately,  in  this  region  the  cross-sec¬ 
tion  data  are  least  reliable  and  theoretical  calculations  appear  to  be 
undependable.  Therefore,  the  threshold  behaviors  of  ionization 
cross-sections  remain  in  doubt.  Ionization  thresholds  necessary  for 
calculation  of  rates  for  a  Boltzmann  distribution  are  tabulated  in 
Chapter  10. 

An  extensive  tabulation  of  ionization  rates  for  atomic  species  and 
their  ions  for  high  elect!  «n  temperatures  (>  1.0  eV)  lias  been  pre¬ 
pared  by  W.  Lotz  (Reference  i4-3j.  The  rates  given,  however,  are 
likely  to  be  quite  unreliable. 

14.2  FIGURE  LABELS 

A  set  of  labels  has  been  devised  to  permit  presentation  of  the 
data  in  a  compact  form  and  to  indicate  the  process  which  has  been 
measured.  These  labels  appear  in  the  upper  right  corners  of  the 
figures  and  on  the  ordinates  of  the  graphs.  The  impacting  electron 
energy  is  given  on  the  abscissas  in  electron  volts. 

Since  the  laboratory  conditions  almost  never  allow  a  precise  state¬ 
ment  of  the  initial  and  final  states  of  the  systems  the  labels  were  chosen 
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to  reflect  this  uncertainty.  For  atoms  and  atomic  ions  the  pre¬ 
sumption  is  that  the  system  initially  is  in  its  ground  electronic  state. 
For  sources  of  ions  and  atoms  such  as  discharges,  high-temperature 
ovens  and  charge-exchange  cells,  positive  evidence  that  the  target 
was  in  its  ground  electronic  state  was  used  as  a  criterion  for  selecting 
the  data.  For  molecules,  the  initial  condition  is  presumed  to  be 
that  of  a  gas  in  equilibrium  at  room  temperature,  except  where 
otherwise  noted. 

The  Greek  lower  case  sigma  (a)  is  used  to  indicate  the  cross-sec¬ 
tion  for  the  process  per  atom  or  molecule  of  the  original  species.  X 
and  Y  represent  a  particular  atomic  or  molecular  species.  If  the 
cross  -  section  is  normalized  the  units  are  indicated  on  the  ordinate 
label.  Specific  comments  about  the  labels  folio  /. 


This  label  indicates  a  total  ionization  cross- section  measurement 
for  species  X  .  A  total  ionization  cross-section  is  equivalent  to  the 
cross- section  for  electron  production  and  is  defined  as: 

ffT  =  ai  +  2a2  +  3a3  +  '  •  •  (14-1) 

where  the  subscripts  refer  to  the  positive  charge  state  of  the  ..on  pro 
de  ced. 


This  label  indicates  that  the  cross  -  section  measured  is  for  the 

+ 

production  of  X  from  X  .  This  implies  that  the  numbers  of  X  s 
and  X's  were  measured.  The  charge  state  of  the  species  can  he 
positive,  negative,  or  neutral. 


Y+/X  3914  A  ( v\  v"  band;  B ZL  -  X2E) 

The  cross-section  in  this  case  is  for  the  production  from  a  target 
species  X  of  photons  of  wavelength  391.4  nm  which  is  a  characv*  • 
tic  wavelength  of  the  positive  ion  Y+  in  the  exit  channel.  Fo  > 
rules,  wavelengths  of  prominent  bandheads  are  used  The  rad. at  *ti 
is  classified  in  brackets  by  the  vibrational  (molecules)  and.  ele  ironic 
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states  involved  in  the  transition.  Vibrational  states  are  represented 
by  {v't  Vn)  ,  where  v'  and  p"  are  the  vibrational  quantum  numbers, 
respectively,  of  the  upper  and  lower  electronic  states.  In  some  cases 
the  classification  of  radiation  is  incomplete. 


X  (K  shell  ejection) 


This  label  indicates  that  the  cross-section  for  the  ejection  of  a 
single  electron  from  the  K- shell  of  the  atom  X  has  been  measured. 


+  Ions  KE  >  0.  25  eV/X 


This  label  indicates  the  proc  uction  of  positive  ions  from  species 
X  with  the  positive  ions  produced  with  a  kinetic  energy  of  more  th-*n 
0.25  eV.  In  this  case  most  of  the  ions  are  produced  by  a  dissociative 
ionization  process. 


Meg,  Ions / X 


This  label  indicates  that  the  total  negative-ion  current  was  mea¬ 
sured  and  that  the  cross-section  reported  is  for  the  production  of  a 
singly- charged  negative  ion  per  molecule  of  the  target  3pecies.  This 
includes  processes  such  as  dissociative  attachment  where  the  pre- 
duett  arc  a  negative  ion  and  a  neutral  fragment,  as  well  as  ion-pair 
formation  where  the  products  are  a  negative  ion  and  a  positive  ion. 


X 


In  cases  whe'*e  only  the  species  is  given  in  the  label,  additional 
information  is  given  on  the  ordinate  and  in  the  body  of  the  graph, 
v  indicates  the  vibrational  state  of  the  molecule  indicated  and  unless 
specified,  the  molecule  is  in  the  ground  electronic  state. 

The  processes  are  arranged  in  the  tollowing  order.  All  processes 
for  a  given  parent  species  are  arranged  together  in  order: 
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negatively  charged  atoms 
neutral  atoms 
neutral  molecules 
positively  charged  atoms 
positively  charged  molecules 

Each  of  these  is  arranged  in  order  of  increasing  molecular  weight. 
For  any  oarent  species  the  processes  are  arranged  in  the  order: 

total  ionization 
single  ionization 

single  ionization  with  electronic  excitation 
multiple  ionization 
K-shell  ejection 
dissociative  ionization 

dissociative  ionization  with  electronic  excitation 

negative- ion  formation 

detachment 

dis  sociation 

vibrational  excitation 

rotational  excitation 

14.3  DATA  SOURCES 

The  figures  and  tables  contain  abbreviated  information  about  the 
data  sources.  Each  experiment  is  identified  by  the  narr  e  of  the  first 
author,  followed  by  a  number  in  parentheses  referring  to  the  biblio¬ 
graphic  section  in  which  the  full  citation  may  be  found.  When  neces¬ 
sary,  the  captions  and  footnotes  also  contain  specific  information 
about  the  experiments  or  about  how  the  data  were  handled. 

14.4  BIBLIOGRAPHY 

Following  the  figures  is  a  Bibliography,  listing  all  the  publications 
from  which  data  were  taken.  This  list  is  ordered  by  the  Jl.  A  Infor¬ 
mation  Center  citation  numbers  which  appear  in  the  figure  captions  as 
mentioned  above,  and  which  should  be  used  in  any  pertinent  corres¬ 
pondence  with  JILA  or  with  the  authors  of  this  chapter. 

The  authors  of  papers  thus  cited  in  the  Bibliography  are  included 
in  Appendix  G  of  the  Handbook,  where  their  contributions  are  listed 
specifically  according  to  the  same  JILA  numbers. 
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14.5  PREPARATION  OF  FIGURES 

Once  the  digital  data  are  obtained,  they  are  permanently  stored  on 
magnetic  tapes.  The  figures  are  photocomposed  from  these  tape3  on 
a  DD250  Cathode  Ray  Tube  at  the  National  Oceanic  and  Atmospheric 
Administration  Boulder  Laboratories  computing  facility.  Because 
the  CRT  is  a  very  high  speed  device,  the  possibility  exists  for  plot¬ 
ting  error.  Errors  due  to  digitizing  and  plotting  amount  to  less  than 
0.  5  percent  near  the  peak  values  and  are  somewhat  larger  where 
the  cross-section  is  small  (<10  percent  of  the  peak).  However, 
handling  this  volume  of  data  entirely  by  computer,  from  input  to 
final  display,  minimizes  the  possibility  of  transcribing  errors,  thus 
bypassing  one  of  the  most  difficult  problems  in  preserving  the  in¬ 
tegrity  of  the  data. 

The  computer  programs  used  in  preparing  these  graphs  were  writ¬ 
ten  by  Patricia  Ruttenberg;  the  graphs  were  prepared  by  Lois  Spangen- 
berg. 
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Table  14-2.  Effective  line  excitation  cross-sectians 
of  the  1st  negative  bands  af  . 

Nj/N2 


Wavelength^ 

(A) 

v',  v" 

E{eV) 

-19  2  ^ 

<7(10  cm  ) 

3549 

3,2 

120. 

0.50 

3564 

2,1 

120. 

1.1 

| 

|  120. 

6.1 

3884 

1,1 

1 

'  400. 

1.5 

4199 

2,3 

1?0. 

0.45 

1 

120. 

6.9 

4236 

1,2 

I 

400. 

1.5 

i 

■  120. 

2.7 

4652 

1,3 

i 

i 

1 

!  400. 

0.3 

5149 

1,4 

120. 

0.65 

120. 

2.1 

5228 

0,3 

i 

J 

1 

400. 

0.5 

Nates: 

1  2  + 

The  electronic  transition  for  this  system  is  B  S  — 


Cross-sectians  at  120  eV  were  measured  by  Stanton  (3710); 
cross-sections  at  400  eV  were  measured  by  Nishimura  (3024). 
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Table  14-3.  Effective  dissociative  ianizatian  cross-sections  of  N2  . 

n+/n2 


Wavelength 

(A)  ' 

Transition 

E  (eV) 

a(10~18cm2) 

623.9 

3s'  5P  -  2p*  5$ 

100. 

0.23 

645.0 

2p'  3S  -  2p3P 

100. 

0.25 

671.4 

2s3P  -  2p3P 

100. 

4.5 

746.4 

3s'?  -  2p]D 

100. 

3.2 

746.4 

2p'  V  -  2p]S 

100. 

3.2 

775.1 

2p'  ]D  -  2p1D 

100. 

2.3 

918 

2p'  3P  -  2p3P 

100. 

11.9 

1084.4 

2p'  3D  -  2o3P 

100. 

20.4 

5667 

3  3 

3p  D2  -  3s  Pj 

500. 

0.0886 

5680 

3p3D^  -  3s  "'P,, 

500. 

0.231 

Note: 

Cross-sections  at  100  eV  were  measured  by  Sro!<o  (3833); 
cross-sections  at  500  eV  were  rneosureo  by  Srivastova  (3943). 
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15.  KINETICS  OF  HIGH-ENERGY  HE  A  V  Y -P  A  R  T  l  C  L  E 
COLLISIONAL  PROCESSES 

W'.L.  Fite,  University  of  Pittsburgh 
J.3.  Greene,  Jr.,  Air  Force  Weopons  loboratory 
A.W.  All,  Novol  Research  Laboratory 
l,M,  Ptkus,  General  Electric  Company 
(Latest  Revision  28  September  1971) 


15.1  INTRODUCTION 

High-energy  particle  and  photon  interactions,  are  of  fundamental 
importance  for  auroral  geophysics,  planetary  and  stellar  atmo¬ 
spheres,  thermonuclear  experiments,  and  nuclear -weapon  debris- 
air  interactions,  to  name  a  few.  In  comparison  to  the  low-energy 
regime,  relatively  little  exists  in  the  way  of  any  comprehensive 
review  or  compilation  of  work  on  cxtrather mai-part.icle  interactions 
Historically  the  study  of  high-energy  heavy-particle  processes  has 
differed  in  an  operational  way  from  the  studies  of  thermal  and  low- 
energy  interactions.  Interest  has  generally  been  directed  toward 
securing  specific  cross-sections  for  application  to  specific  physi¬ 
cal  and  engineering  problems.  Extensive,  but  quite  clean,  experi¬ 
mental  techniques  are  available  and  occasionally  simplified  theore¬ 
tical  approximations  are  valid  The  objective  of  this  chapter  is 
to  provide  a  limited  collection  of  results  and  methods  of  obtaining 
results  for  certain  high-energy  heavy-particle  collision  processes 
of  particular  interest  in  the  early-time  interaction  of  nuclear-weapon 
debris  with  the  atmosphere  above  an  altitude  of  about  100  km.  Th 
projectiles  of  interest  are  weapon  materials  such  as  Fe,  Ai,  and  U , 
fission  fragments,  and  atmospheric  species  (mainly  O  and  Ts  ). 

The  projectiles  may  be  singly  and  sometimes  doubly  charged.  The 
targets  considered  are  O  ,  N;  ,  and  Oy  ,  with,  considerable  em¬ 
phasis  on  O  .  An  enormous  body  of  information  has  been  published 
on  collisions  involving  light  particles  (If,  He.  and  Li)  and  the  inert 
gas  atoms.  The  work  has  been  covered  by  a  number  of  reviews 
(References  15-1  through  1  5-6)  and  for  the  most  part  is  not  discussed 
here.  The  heavy -particle  interaction  processes  of  electron 
capture  and  loss,  slow- ion  production,  and  electron  production  are 
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considered.  Other  processes  which  are  known  to  He,  or  tnay  prove 
to  be  important  to  high-attitude  nuclear -debris  motion  and  effects, 
such  as  inner- shell  excitation,  photonprocesses,  electron  collisions, 
and  nonequilibrium  chemical  kinetics  are  not  considered. 

There  is  a  recognized  need  (Reference  15-7)  for  these  subjects  to 
be  expanded  into  a  separate  handbook  on  extrathermal  collision  pro¬ 
cesses. 


15.2  CROSS-SECTION  DEFINITIONS 

The  type  of  process  of  interest  involves  the  collision  of  a  fast 
primary  particle  with  i  positive  electronic  charges  (including  i=0), 
A1+  ,  and  a  stationary  neutral  target  particle  B  ,  and  can  be  repre¬ 
sented  by: 

A  t  B  -*  A  +  B  +  (j  +  n  -  i)e  (15-1) 


0  n 

The  cross-section,  Q-  ,  is  defined  interms  of  the  number  of  second¬ 
ary  particles  produced  per  unit  time  according  to  the  equation: 


i+ 


dAJ 

dt 


dB 


n+ 


dt 


Q°n 

ij 


nB  *1 


dx 


(15-2) 


where  n^  is  the  number  density  (particles  per  unit  volume)  of  tar¬ 
get  particles  B  ,  Ij  is  the  total  number  of  primary  particles  A1T 
passing  through  the  target  per  unit,  time,  and  dx  is  the  distance  of 
the  primary  particle  beam  through  the  target. 


The  "electron  capture-and-loss  cross-sections"  are  defined  by: 


a. . 
‘J 


E 

n 


(15--) 


and  represent  the  total  cross- section  for  the  fast  particle  changing 
from  i+  to  jr  ,  irrespective  of  the  change  of  charge  of  the  originally 
neutral  target  particle.  Measurements  of  0-  are  performed 
by  examination  of  the  charge  state  j  of  fast  par'icles  after  a  beam 
with  initial  charge  i  traverses  a  gas  target. 

When  ~’ov,  charged  parnTes  are  collected,  as  u «th  a  parallel- 
plate  condenser  method  of  detection,  and  total  curr.  ntf,  uc  mea- 
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sured,  the  "total,  slow  positive-charge-production  cross-sections": 


Q,  =  El  n  Q°n 

j  n  '} 


(15-4) 


are  determined.  These  are  weighted  sums  of  the  cross-sections  for 
raising  the  target  particle  to  all  charge  states,  irrespective  of  the 
change  of  charge  on  the  initially  fast  particle. 

When  electrons  are  collected  at  a  condenser  plate,  the  "electron 
production  cross- section" : 


On 


Q  =  E£(j  +  n-  i)Qr, 
-  j  n  ^ 


(15-5) 


is  obtained. 

The  " charge- transfer  cross-section"  is,  strictly  speaking, 

where  i  =  n+ j.  Most  commonly,  the  term  is  used  when  i  =  1,  i.  e.  , 

to  describe  the  cross  section  Qjq  •  It  is  evident  that  a?  sufficiently 

low  energies,  production  of  free  fast  electrons  from  either  the  fast 

or  the  slow  particler  does  not  occur,  so  '..hat  in  the  limit  of  low  ener- 
>1  . 

gies  cr10  =  Q10  also. 

When  the  siow  ions  are  separated  by  a  mass-spectrometric  de¬ 
tector  the  "specific  slow- ion-production  cross-sections"  are  mea¬ 
sured.  These  are: 

Q=EQ0n  .  (15-6) 

n  j  lJ 


The  slow  ions  include  products  of  dissociative  ionization  in  the  case 
of  molecular  target  gases  as  well  as  multiply  charged  ions  of  the 
target  species  itself.  Because  of  the  difficulty  of  ensuring  total 
collection  of  slow'  ions  into  a  mass  -  spectrornetr  ic  device,  it  is  com¬ 
mon  to  measure  Q+  and  then  in  a  separate  experiment  using  mass- 
•'poctrometric  detection  to  measure  ratios  of  the  various  slow  ions 
formed. 


"Electron  stripping  cross-sections  from  neutrals" 
from  Equation { 1  5- 3) by  (7 qj  =  ”2  Goj  1  experimentally 
production  of  initially  fast  particle  Seams  of  neutrals 


CTqj  defined 
require  the 
A  cross- 
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section  (unnamed),  designated  by: 

fl0  “  2a0j  ■ 


(15-7) 


which  at  low  energies  approximates  ,  can  be  obtained  using 

initially  singly-charged  ion  beams  and  thickened  targets.  (See  Refer¬ 
ence  1  5-8.  pages  3  and  4.  for  details.  } 


The  term  "ionization  cross-section"  is  ambiguous  in  heavy-par¬ 
ticle  collisions.  Analogy  with  electron-impact  collisions  would  re¬ 
quire  that  ionization  cross-sections  be  given  by  Q.  ^  .  Only  in  very 
rare  cases  can  this  one  cross-section  be  isolated  from  concurrent 
processes  in  which  j  is  not  equal  to  i  ,  i.  e.  ,  electron  capture  by 
and  loss  (stripping)  from  the  initial  fact  particle. 


15.3  EXPERIMENTAL  METHODS 

Experiments  on  fast  heavy-particle  collisions  are  designed  very 
closely  in  accordance  with  the  cross-section  definition  (Equation 
15-4).  Ions  produced  it)  an  appropriate  ion  source  are  accelerated, 
mass-selected  to  obtain  the  single  desired  species  or  charge  state, 
and  then  passed  through  a  collision  chamber  containing  the  target 
gas.  For  fast-particle  detection,  the  emerging  fast  particles  are 
separated  by  a  transverse  electric  or  magnetic  field  and  the  cur¬ 
rents  of  the  separuteiy  dispersed  beams  are  measured.  In  slow- 
parlicle  detection,  the  basic  technique  is  to  use  two  parallel  plates 
on  opposite  sides  of  the  collision  chamber  and  hy  means  of  an  elec¬ 
tric  field  between  the  plates  to  draw  the  ions  to  one  plate  and  the 
electrons  to  the  other ,  where  their  respective  electric  currents  arc 
measured.  Determination  of  the  species  of  slow  ions  formed  is 
made  hv  drawing  a  sample  of  ions  from  the  collision  chamber  into 
a  mass  spectrometer  to  determine  charge-to- mass  ratio. 

When  the  initial  fast  particle  is  to  be  neutral,  an  initial  ion  beam 
is  passed  through  either  a  gas  or  solid  foil,  where  some  of  the  ions 
become  neulialized  through  electr on- capture  processes.  A  trans¬ 
verse  field  then  removes  the  charged  species  leaving  only  the  neu¬ 
tral  component  to  enter  the  collision  chamber.  A  variation  of  this 
technique  is  used  to  produce  initial  beams  of  charge  state  higher 
ihu..  can  be  easily  formed  in  the  ion  source. 

In  most  cas  es  little  care  is  taken  with  regard  to  the  internal  energy 
state  of  the  fast  ion  beam,  although  it  has  been  found,  in  oxperi- 
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merits  using  sources  'rith  controlled  electron-impact  ionization  of 
vapors,  that  some  cross-sections  vary  significantly  with  internal 
energy  states  of  the  reactants. 

The  subject  of  energy  states  of  the  final  products  in  high-energy 
heavy-particle  collisions  has  received  very  little  attention  to  date, 
a  major  activity  bc-ing  the  observation  of  characteristic  radiation, 
e.  g.  ,  excitation  of  the  first- negative  bands  of  (References  15-9. 
15-10}. 

15.4  THEORETICAL  METHODS 

The  theory  of  high-energy  heavy -particle  collisions  is  complicated 
by  two  features.  First,  the  colliding  particles  are  many- electron 
systems.  Second,  although  the  energies  are  high,  the  massive¬ 
ness  of  the  part*cles  places  the  relative  velocities  in  the  awkward 
range  of  being  neither  "high"  nor  "low",  where  certain  simplifica¬ 
tions  can  be  generated.  Theoretical  treatment  has  to  a  great  extent 
depended  upon  the  generation  of  what  D.  R,  Bates  has  called  "bold 
approximations",  several  of  which  are  summarized  in  this  section. 

While  the  failure  of  experiment  has  generally  been  that  only  sums 
of  cross-sections,  involving  both  single  and  multiple  electron  ex¬ 
changes,  are  measured,  theory  has  been  almost  completely  limited 
to  electron  capture  one  loss  processes  in  which  a  single  electron  is 
involved,  and  has  rarely  treated  the  multiple  processes  which  ex¬ 
periments  indicate  become  important  at  the  higher  energy  ranges 
of  interest.  Because  of  the  limitations  of  both  theory  and  experi¬ 
ment,  it  is  often  difficult  to  compare  predictions  and  experimental 
results.  Nonetheless,  it  is  evident  from  such  comparisons  as  are 
ill  .strated  in  this  section,  that  for  some  processes  and  collision 
partners,  certain  approximations  appear  to  give  better  reliability 
than  others.  Because  it  is  extremely  difficult  to  measure  experi¬ 
mental  cross-sections  with  certain  collision  partners,  c.g,,  when¬ 
ever  atomic  nitrogen  is  the  target  gas,  it  is  important  to  have  reli¬ 
able,  and  preferably  simple,  methods  to  obtain  theoretical  cross- 
section  values. 


15.4.1  Classical 


The  simple  classical 
high  eneigios  developed 
15-14).  Bell  (Reference 


models  for  charge-transfer  collisions  at 
by  Bohr  and  Lindhard  (References  15-11. 
15-14),  Gluckster n  ( Reference  15-14).  and 
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Thomas  (Reference  15-15),  have  been  reviewed  by  Dalgarno  et  al 
(Reference  15-16),  and  Florance  (Reference  15-17),  These  models 
predict  a  slower  variation  of  cross-section  with  velocity  than  ob¬ 
served  and  do  not  provide  any  insight  into  the  observed  dependence 
on  the  projectile  charge.  Since  these  reviews,  two  significant  clas¬ 
sical  calculations  of  charge  - exchange  cross-sections  using  classical 
methods  have  appeared  in  the  literature  (Reference  15-18). 

Bates  and  Mapleton  Model:  In  the  original  Thomas  theory  (Refer¬ 
ence  15-15)  the  charge- exchange  cross  -  section  was  proportional 
to  a  quantity  C  which  was  taken  to  be  a  constant  (*e  3.49)  at  high 
velocities.  Bates  and  Mapleton  (Reference  15-19)  generalized  the 
Thomas  model  to  include  the  velocity  dependence  of  C  in  which  C 
is  principally  a  function  of  the  ratio  of  the  impact  velocity  to  the 
escape  velocity  of  the  active  electron  from  the  target  atom.  The 
Bates- Mapleton  prediction  of  Q^q  Cross-sections  for  Al*  4  O  and 
F  e*  +  O  near  MeV  energies  are  compared  with  experimental  data 
(Reference  15-10)  in  subsection  15.  4.  3.1,  below. 

Binary  Encounter  Theory:  The  validity  of  the  classical  approach 
derives  from  the  correspondence  principle  and  the  Rutherford  scat¬ 
tering  identity  (Reference  15-20),  The  correspondence  principle, 
well  known  from  the  foundation  of  quantum  mechanics,  was  discussed 
in  its  application  to  inelastic  scattering  by  Garcia  (Reference  15-21). 
He  showed  explicitly  that,  as  expected,  in  the  limit  of  large  princi¬ 
pal  quantum  numbers,  the  Born  approximation  to  the  evoss- section 
for  the  ionization  of  hydrogen  by  electrons  approaches  the  classical 
expression.  The  Rutherford  identity  concerns  the  fact  that  scattering 
of  particles  by  an  inverse- square-law  force  is  described  clas¬ 
sically  and  quantum- mechanically  with  identical  cross-sections  (Refer¬ 
ence  15-20).  Neither  factor  explains  the  success  of  classical 
ineury  in  cros  s -  jji  ctuCiiuii  foi'  complex  utOlViiC  collisions, 

i,  e.  ,  those  for  which  many  excitable  degrees  of  freedom  exist. 

Application  of  the  classical  approach  to  complex  systems  was 
spurred  on  by  the  works  of  Gry/.ir.ski  (References  15-22  through 
15-25).  In  this  method,  the  cross-section  is  determined  by  first 
computing  the  differential  cross  -  section  for  energy  exchange  be¬ 
tween  the  incoming  projectile  and  the  general  bound  election  oi  the 
target  atom,  then  summing  over  all  the  bound  electrons,  and  finally 
integrating  over  the  energy  range  involved.  The  calculation  assumes 
that  no  significant  interactions  occur  among  the  bound  electrons  dur¬ 
ing  the  collision.  This  implies  the  invalidity  of  collisions  so  slow 
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that  rearrangement  among  the  atomic  electrons  can  occur  during 
the  collision  process. 


Consider  an  incident  ion  of  mass  mj  ,  charge  Zje  ,  and  velocity 
v^  ,  and  a  target  atom  whose  general  bound  electron  has  mass  me  , 
charge  -e  .  and  velocity  ve  .  The  incident  ion  has  a  kinetic  energy 
E£  and  thebound  electronhas  kinetic  energy  Eg  and  potential  energy 
Ue  .  During  the  collision  an  energy  in  the  amount  AE  is  trans¬ 
ferred  from  the  projectile  to  the  target  electron.  The  cross-section 
for  the  transfer  of  energy  AE  is  given  by  (Reference  15-26): 
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eff 
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U  =  m  vZ  ,  (15-12) 

<■  e  e 


allows  the  averaging  over  velocities  to  be  replaced  by  an  averaging 
over  the  potential  dis.r ibution  in  the  atom.  These  relationships 
haw  been  explored  numerically  in  several  specific  cases  for  ioni¬ 
zation  of  neutrals  and  ions  and  charge  transfer  by  proton  impact 
.Reference  15-27). 

The  classical  model  has  been  applied  to  the  case  of  ion-atom 
barge  transfer  (Reference  15-28).  The  results  of  a  comparison 
with  experimental  data  are  summarized  in  Table  15-1. 


Table  15-1.  Comparison  of  classical  theoretical  predictions  with 
experimental  data  far  ion-atom  charge  transfer. 

(See  Reference  15-28  far  more  detail.) 


System 

Velocity  Range 
Considered 
(cm/sec) 

Range  far  Good 
Agreement 
(cm/sec) 

Remc  rks 

Be  on  Ar 

(5  -  8)  x  107 

None 

Predicted  value  exceeds 
by  a  factor  of  2. 

i  on  Ar 

{2  -  4)  x  !(/ 

(2  -  2.5)  x  107 

Predicted  exceeds  by  as 
much  as  a  factor  of  4, 

Sr  on  Ar 

(0.2  -  2)  x  108 

(0.5  -  1)  x  108 

Predicted  is  lower  at  lower 
speeds  and  at  higher 
speeds . 

K  on  Ar 

(0.6  -3)  x  102 

(0.8  -  2)  x  10G 

Predicted  is  low  at  low 
speeds  and  high  at  high 
speeds. 

U  cn  Ar 

(0.3  -  1.2)  x  I08 

7 

At  4  x  10  and 
1.1  x  1 0®  oni  y . 

Predicted  is  too  low  at  low 
speeds,  too  high  c*  high 
speeds,  and  too  hign  in 
between . 

N  on  Ar 

a 

(2  -  4.2)  x  10 

l3  -  4.2)  x  10* 

Predicted  is  too  high  a! 

'ow  speeds. 
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System 

Velocity  Range 
Considered 
(cm/sec) 

Range  for  Gaad 
Agreement 
(cm/sec) 

Re  morks 

U+  on  Ne 

(0.6  -  1.2)  x  108 

~  1.2  x  !08 

Predicted  is  high  by  obout 

0  foctor  of  4  over  most 
af  the  range . 

N+  an  Ne 

(1 .8  -  4.2)  x  108 

(2  -4.2)  x  108 

Predicted  is  slightly 
higher. 

U+  on 

(0.2  -  1.2)  x  I08 

At  4  x  107  and 
ai  1  . 2  x  !  O'7 
only. 

Predicted  is  too  high  over 
mast  af  the  range  but  loo 
low  at  end  of  ronge  . 

U+  on 

i 

(0.2  -  1 .2)  x  108 

At  3  x  107  only. 

Predicted  is  high  over- 
most  of  range  but  becomes 
too  low  at  law  end  . 

N+  on 

(0.T  -  1.2)  x  108 

(3  -4)  x  108 

Predicted  is  too  high  ot 
lov  speed  ond  becomes 
tao  low  ot  high  speed. 

N  on  N2 

(1.8  -4)  x  108 

(3  -4)  x  108 

Predicted  is  too  high  at 
tew  speed . 

15.4.2  Semiempiricol 


IT  1  ..  i  ^  l  ,  . 


<>  Vt  »v.  t  ■  1  T  <■>  / .  /  P  /  i  v  ^ 


c  ^  a 


pose  a  semiempiricai  scaling  law,  including  the  scaling  of  abso¬ 
lute  cross-section  values  as  well  as  beam  energies,  which  adequately 
describes  direct  transitions  of  an  electron  between  the  bound  and 
continuum  states.  The  scaling  law  uses  a  general  energy  para¬ 
meter  (- E/lf.j  (where  E  =  beam  energy,  Ej  =  MR1-!  E^/  1  4.  f>)*-  ,  M 
projectile  mass,  Ej  =  ioni/.ation  energy  of  the  projectile,  ar.d  R  ~ 
"interaction  distance"  ^  radius  of  target  atom)  and  a  sealine  of  the 
absolute  cross-  section  values  proportional  to  ( Zp  !  i  7,tJ  ** )( 13,6/  Ej) 

The  model  succeeds  in  reducing  a  rather  wide  variety  of  single' 
electron- loss  cross- sections  to  a  genera1  cross-  section  curve  ac¬ 
cording  to: 
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a(E). 


i,  i+  1 


eff 


zin 
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where  neff  is  the  number  of  electrons  available  for  ionization  in  the 
outer  shell  of  the  projectile. 

Equation  (15-13)  originally  was  derived  solely  from  an  empirical 
analysis  of  a  wide  range  of  published  experimental  data,  in  which  it 
appeared  that  the  total  cross-sections  increased  with  the  atomic 
numbers  of  projectile  and  target  and  with  the  number  of  electrons 
in  the  outer  shell  of  the  projectile,  and  decreased  approximately 
as  the  root  of  the  ionization  energy  .  The  functional  dependence 
on  these  parameters  given  in  Equation  (15-13)  appears  to  give  the 
best  overall  fit  of  the  experimental  data.  The  scaling  law  was  found 
to  reduce  a  large  majority  of  published  data  to  within  a  factor  of  two 
of  a  general  cross-section  curve. 

The  resulting  plots  of  the  normalized  cross-section  curve 
a(E/Ej)>pj^  from  over  80  published  experimental  data  on  single¬ 
electron  stripping  in  neutral-neutral  collisions  are  shown  in  Figures 
15-1  and  15-2.  Major  deviations  occur  only  for  low-energy  strip¬ 
ping  of  some  of  the  rare-gas  atoms  on  rare  gases  {see  Figure  15-1). 
It  is  noteworthy  that  most  of  these  collisions  are  much  better 
described  by  the  Firsov  model  (subsection  15.  4.  3.  2,  below). 


15.4.3  Quantum-Mechanical 

The  simplest  quantum  theoretical  treatments,  the  Born-Bethe 
(Reference  15-34)  approximations,  have  not  provided  useful  esti¬ 
mates  of  cross-sections  in  the  velocity  range  of  interest.  This  is 
understandable  from  the  formal  theory  viewpoint,  in  that  heavy- 
particle  collisions  in  this  velocity  range  have  a  great  variety  of 
channels  open.  The  probability  of  ending  in  a  given  final  state 
directly,  as  assumed  by  the  Born  approximation,  is  often  smaller 
than  the  probability  of  reaching  it  via  some  intermediate  state.  It  is 
also  likely  that  several  such  intermediate  spates  play  equivalently 
large  roles  in  the  transition.  Choosing  a  limited  numher  of  these 
certainly  is  preferable  to  a  Born  approxima* ion.  however,  the 
cost  in  time  and  effort  of  including  more  than  a  few  channels  is 
generally  prohibitive. 
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with  the  statistical  theory  of  Firsov  (Subsection  15.4.3.2). 
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15.4,3.1  QUANTAL  TWO-STATE 
MODELS 

The  details  of  the  method  of  calculation  and  computed  numerical 
values  of  the  differential  and  total  charge- transfer  cross-sections 
using  the  Brinkman-Kr amer s  (BK)  approximation  are  reported  in 
Reference  15-16.  In  order  to  reduce  the  discrepancy  between  com¬ 
puted  BK  cross-sections  and  experimental  data  and  to  remove  un- 
physical  capture  probabilities,  Dalga.rno  et  al  (Reference  15-18) 
transformed  the  BK  results  to  the  impact-parameter  formulation. 

The  modified  BK  method  overestimated  the  cross-section  by  almost 
an  order  of  magnitude  at  the  velocity  of  maximum  cross-section; 
however,  the  cross-section  curves  were  generally  qualitatively 
reasonable.  It  was  concluded  ( Reference  15-18)  that  a  more  accurate 
quantal  method  was  necessary.  Another  quantal  approach  is  to 
attempt  to  solve  the  exact  equation  of  motion  of  the  system  to  which 
that  BK  approximation  is  a  firsi-crder  solution. 

Dalgarno  et  al  (Reference  15-31)  have  applied  the  Bates  and 
Me  Carroll  theory  (Reference  15  -  32)  of  fast  collisions  to  the  calculation 
of  charge- exchange  cross-sections  for  collisions  between  heavy  ions 
and  atmospheric  ions  and  molecules.  A  brief  review  is  presented 
here,  of  the  theory  applied  to  a  two-state  one-electron  system;  cf. 
Dalgarno  et  al  (Reference  15-33).  Atomic  units  are  employed 
throughout. 


Consider  point  A  to  move  past  point  B  at  a  constant  velocity 
v,  i.  e.  ,  a  rectilinear  trajectory  characterized  by  an  impact  para¬ 
meter  p.  Lot  a  single  electron  have  position  vectors  jc.  ,  ,  and 

■p  with  respect  to  A  ,  B  ,  and  midpoint  of  AE  ,  respectively.  Let 
the  electron  see  potentials  Va(ra)  and  V^(r^)  centered  on  the 
appropriate  points,  and  let.  there  exist  bound-state  wavefunctions: 

j^T  t  vd(ra)  -  iyj  ®i(ra)  exp(-  iEit)  =  0  (15-14) 

considering  A  to  be  at  rest,  and: 


It* 


w  • 


£b)  exp(  *  i  FT  t) 


(15-15) 


considering  B  to  be  at  rest,  where  T 
1 :  the  midpoint  of  AB  is  taken  to  he  at 


is  the  kinetic  energy  operator, 
rest,  wavefunctions  simply 
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and: 

®j(rb,  r)  =  $.{.rb)  exp("J*~*  l)  (15-19) 

The  total  w r  efunction  t  in  this  approximation  is  then  expanded  as: 

!?■  =  a^iexpj^-i  (e. +^v2jt^  + expj^-i  (e.  +  £v2)tj  ,  (15-20) 

and  substituted  into  the  conditions: 

T  /  a  \  1  T  /,.  1  2\  1  ,  -  , , , 

|_®i*  lH  -  i^^jexp[i^i  + a v  ;ij =  u  * 

and: 

[*J,  (h  -  i-^)*]  exp[i(Ej  -d  v^t]  *  0  .  (15-22) 

where  H  =  T  H-  V,  +  V,  is  the  total  Hamiltonian.  The  equ;  lions  of 
&  D 

the  two-state  model  then  follow: 
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1  »i+  i  Sij  exp[i(Ei-Ej)tjbj  =  n^a-Fh^  exp[i(Er  EjJtJbj 
i  Sji  exp^E.-E.Jtja.  +  ib.  =  h..  exp^Ej-E.Jtja.  +  hjjbj 


}  (15-23) 


where  S-  "  (Sj,  ®j)  ,  hjj  =  (0p  Va0j)  ,  and  hjj  =  (0j,  V^)  .  The 
initial  conditions  are  that,  say,  a  -  =  1,  bj  =  0  .  At  the  end  of  the 
trajectory  |bjp  will  be  the  capture  probability  for  that  impact  para¬ 
meter : 


c (p)  =  |b.(+“)j?  ■  (15-24! 

and  the  cross-section  is: 

OP 

Q  -  2TT  J  c(p)p  dp  .  (15  1  ^ 

o 

Sample  calculations  for  Fe+  +  O  and  Al+  +  O  are  shown,  respectively, 
in  Figures  15-3  and  15-4  and  compared  with  the  experimental  data  of 
Brackmann  et  al  (Reference  15-10).  The  maximum  value  of  the 
cross-sections  computed  by  Dalgarno  are  within  a  factor  of  two  of  the 
experimental  CTjq  cross-section.  They  fall  off  more  rapidly  at  higher 
energies  as  one  would  expect,  since  the  ajQ  cross-section  in¬ 
cludes  several  possible  processes  ‘ 

Rosen  and  Zener  (P.eference  15-57}  give  an  approximate  solution 
of  the  equations  of  motion  (Equation  15-25)  in  analytic  form.  This 
approximation  consistently  underestimates  and  overestimates  the 

C  T  (J  ^  a  *'  CCt  ICDS  u  v*  j  e  »  rtg  £  f*  A  VYi  3  nn  «  r  )  r  a  1  j  nf  rm  r  hf  inn  at  </»•»  I  r  >  r  t  t  i  c 

re specti vely  below  and  above  the  velocity  of  maximum  cross-section 
(Reference  15-31). 

Rapp  and  Francis  (Reference  15-35)  have  introduced  a  model  of 
nor- resonant  charge  s-ar.sfer  based  on  resonant  charge-transfer 
theory  and  on  the  Rosen-Zener  approximation  to  the  two-state  equa¬ 
tions.  Their  method  is  based  on  the  fact  that  the  probabil  ty  for 
resonant  charge  transfer  is  a  rapidly  oscillating  function  ,4  impact 
parameter  (b)  out  to  a  certain  radius  beyond  which  the  probability 
falls  to  zero.  This  probability  function  is  approximated  by  a  con¬ 
stant  value  (equal  to  the  average  value)  out  to  an  effective  cut-off 
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Energy  (Mev  ) 


Velocity  (I0ecm/sec) 

Figure  15-4,  Electron  capfure  and  loss  cross-sections  of  Al+  on  O. 

fThe  Dalgornoet  al  curve  is  from  Reference  15-31 
and  the  dales  and  Mapleton  curve  is  from  Reference 
15-19.1 
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radius  (bj)  beyond  which  it  is  zero.  The  probability  ol  symmetric 
cnarge  transfer  as  calculated  in  ttme-dependent  perturbation  theory 
is  a  function  of  the  energy  difference  between  symmetric  and  anti¬ 
symmetric  molecular  energy  states  as  the  internuclear  separation 
(R)  changes.  Expressions  for  these  energies  are  found  by  using 
linear  combinations  of  semiempiricai  atomic  orbitals  in  which  the 
ionization  energy  is  an  adjustable  parameter.  The  wave  functions 
can  be  written  as  (Reference  15-28): 


*(r)  =  d/traj)1''2  (I/Ih)3/‘ 


exp 


)l/2  (r/a0)] 


(15-26) 


where  I  is  the  ionization  potential  of  the  state,  1^  is  the  ionization 
potential  of  ground-state  hydrogen  (13.  6  eV),  and  aQ  is  the  radius 
of  the  first  Bohr  orbit.  From  these  wavefunctions  the  energy  dif¬ 
ference  between  antisymmetric  and  symmetric  states  for  a  nuclear 
separation  of  R  is  determined  to  be: 

Ea-Es  =  2I(R/aQ)  exp|j(i/ IH) ^ 2  (R/aQ)j  .  (15-2?) 


For  separations  large  with  respect  to  aQ  or  for  large  ionization 
energy,  the  probability  for  charg  e  transfer  in  a  collision  at  relative 
velocity  u  and  impact  parameter  b  is  iound  to  be: 


P(b,  u)  =  sim 


(15-28) 


where  y  =  (I/Ijq) 


1/2 


rui  nir  timf'linn  r»f  imnarl  r«p  r  h 
~  ?  ~  e>  * - - ~  - r 


Rapp  and  Francis  approximate  this  rapidly 

*  i  .w.  n  c  u  ^  u 


Uitnj*  K  |sy  ♦ 


and  by  0  for  b>bj  where  bj  is  chosen  to  be  the  largest  value  of  b 
for  which  the  argument  in  the  above  equation  is  T 7/6  ,  Defining  \ 
as* 


xo  =  (b,/a0)(I/IH) 


i/2 


(15-29) 


th*1  equation  for  bj  can  be  written  in  terms  of  x  as: 
x^(  1  +  l/x0)2  exp(-2x0)  -  ITu'^/c’*  , 


(15-  10) 
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In  this  form  xQ  can  be  seen  to  be  a  function  of  u  only;  therefore 
the  cross-section  for  tlie  charge  transfer  O  =  rrb^/Z  can  be  rewritten 
as: 


0(1,  u)  =  ITa^  Ih/2I 


(15-31) 


This  equation  states  that  the  cross-section  can  be  scaled.  If  the 
cross-section  cj( I ^ ,  u)  ,  involving  atoms  with  an  ionization  potential 
Ij  ,  is  known,  then  that  for  any  other  atom  with  ionization  potential 
12  can  be  found. 

Rapp  and  Francis  (Reference  15-35)  calculated  the  cross-section 
for  resonant  charge  transfer  in  hydrogen  by  their  method  and  com¬ 
pared  the  results  with  experimental  values.  For  velocities  between 
~5  x  10b  and  ~2  x  10^  cm/sec  their  calculations  agreed  to  within 
about  a  factor  of  two  with  experiment.  Assessment  of  this  method 
in  the  case  of  non-resonant  charge  transfer  is  somewhat  less  satis¬ 
fying.  There  are.  in  that  case,  two  ionization  potentials  involved, 
that  of  the  target  and  that  of  the  projectile.  It  seems  most  reason¬ 
able  to  consider  the  charge  transfer  as  being  governed  by  the  i.cwer 
of  these.  This  leads  to  fairly  good  agreement,  viz.  ,  by  a  factor  of 
two  to  four  with  experiment,  for  many  combinations  of  target  and 
projectile  species,  hut  poor  agreement  for  collisions  of  metal  ions 
with  atmospheric  species.  In  the  latter  case,  better  agreement  is 
obtained  hy  using  the  higher  of  the  two  ionization  potentials. 


15. -1.3.  2  STATISTICAL  MODELS 

The  Firsov  model  (References  15-3f>  ihiuugh  15-38)  provides  an 
estimate  of  the  n.vro-a'jo  »:iPiov  of  excitation  of  two  collidine  atomir 

^,1  '  u 

systems  based  on  momentum  transfer  due  to  electrons  passing  he- 
tween  the  colliding  atoms.  Momentum  transfer  arises  f  rom  the  rela¬ 
tive  motion  of  the  collision  partners.  The  calculation  is  made  by 
computing  the  net  rate  at  which  electrons  front  the  projectile  system 
carry  momentum  across  a  plane  normal  to  and  bisecting  the  line 
joining  the  colliding  nuclei.  The  electron  density  is  found  in  the 
Thomas  -  Fermi  method.  The  electron  excitation  energy  found  from 
the  momentum  transfer  is  (Reference  15-19): 

0.  35(Z.,  +  Zv)"'  5  (jfu/a  ) 

<  v  O 

(  z  f  1“  TJ  ’  (15- i 2} 

[1  +  0.  l6(Za+Zt))  (R0/a0]J 
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where  Za  and  Zb  are  the  respective  nuclear  charges,  RQ  the  im¬ 
pact  parameter  (cm),  aQ  the  Bohr  radius  (cm),  and  u  the  radial 
component  of  relative  velocity  of  the  collision  partners. 


The  cross- sect  o  i  for  ionization  is  computed  as  that  area  corres¬ 
ponding  to  the  impact  ,,  .  “ameter  for  which  e  is  equal  to  the  ioniza¬ 
tion  energy.  Thus  if  fQ  is  the  ionization  energy  in  eV  then: 


cr=  1TR2 


=  (3.3xl0-l^){Za+Zb)'2/3[((Za+Zb)5/3 
(4.  3  x  10"^  u/  e0)  _ij  cm"  , 


<15-33) 


which  can  be  written  in  the  form: 


a  =  ao[(u/uo)1/5. 


(15-34) 


where: 

uQ  =  ^2.  3  x  107  f/’(Za+Zb)5/,3J  cm/sec  ,  (15-35) 

and: 

a o  =  j^3.  3  x  10“  /{z,a+?ib)3^2l  cm^  .  (15-36) 

This  method  is  expected  to  be  reasonably  valid  at  velocities  not  so 
high  as  to  be  comparable  to  electron  orbital  velocities  (~2  x  10® 
cm/ sec)  or  so  low  that  a  rr.  !•  ular  eigens*ate  description  is  ap¬ 
propriate  The  lover  limit  ..an  te  determi  .ed  as  in  an  argument 
presented  by  c  a  ,„nd  Geijuoy  (Reference  i5-2").  From  the  un¬ 
certainly  relation,  AfbAt  •  Jl  but  At  -~llu/v  .  For  the  5'iisov  model 
to  be  valid  it  is  then  expected  that  AF  must  be  of  the  order  of  at 
least  1  eV  and  R0  no  less  than  about  10"®  cm.  This  requires  that 
u  must  be  approximately  1.5  x  10'  cm/sec. 

Garcia  and  Gcrjuoy  (Reference  15-28)  presented  a  comparison  be' 
tween  electron- removal  cross-sections  as  calculated  by  the  Firsov 
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model,  and  the  corresponding  experimental  cross-sections.  The 
velocity  range  considered  was  of  the  order  of  1 0 -  10^  cm/sec, 

When  argon  was  the  target,  the  agreement  with  experiment  was  good 
when  the  projectiles  were  aluminum,  strontium,  and  uranium  atoms, 
moderately  good  (within  a  factor  of  two),  for  iron  and  nitrogen  atoms, 
and  poor  for  iodine  and  potassium  atoms  (cf.  Figure  15-5). 


c: _ 

I  iywtt 


1  5  K 
I  v  '*■>  < 


Strippiny  crcs:  see 


f.M-  lA/'fl  I 

ttuiirf  I  V  >  y'rfl  wjw  VI  i  i 


rt  f  /-  ,m  r 


The  solid  curve  is  the  Firsov  model  prediction.  Experimental 
dato  are  from  Loyton  and  Fite  (Reference  15-47). 


Comparisons  have  also  been  made  for  sev»  .1  species  incident 
upon  molecular  nitrogen  and  molecular  oxyger  (cf.  Figures  15-6 
through  15-8).  In  addition  to  Figure  15-2,  further  comparisons  of 
Firsov' s  model  with  scaled  experimental  data  are  contained  in  Refer  - 
ence  15-30.  Among  the  shortcomings  of  the  Firsov  formula  are 
its  failure  to  account  for  the  charge  stales  of  colliding  particles  and 
the  general  decrease  of  the  cross-section  for  velocities  above  the 
orbital-electron  velocities.  An  indication  of  the  effect  of  the  charge 
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state  for  N  and  N  colliding  with  in  the  velocity  range  {2-5)  x 
10^  cm/sec  is  given  ir;  a  paper  by  Pivovav  et  al  (Reference  15-39). 
Landshoff  (Reference  15-40)  suggested  a  modification  to  the  Firsov 
formula  to  take  account  of  the  decrease  of  the  cross- section  at  suf¬ 
ficiently  high  velocities. 

RusseK  Model:  A  theory  ot  ionization  produced  in  the  collision  ol 
heavy  atoms  or  ions  if-  given  by  Russek  (Reference  15-42).  This 
theory  is  based  on  the  assumptions  that:  (a)  during  an  energetic 
atomic  collision  the  energy  transferred  from  projectile  to  target  is 
determined  solely  by  the  collision  parameters;  and  (b)  the  excitation 
energy  becomes  distributed  among  the  atomic  electrons  in  a  statisti¬ 
cal  fashion.  It  is  assumed  that  these  two  stages  in  the  process  are 
ess-enlially  uncoupled.  In  order  to  determine  the  probability  that  an 
atom,  having  received  a  given  quantity  of  energy,  will  release  a  cer¬ 
tain  number  of  electrons,  it  is  necessary  to  model  the  ionization  pro¬ 
cess  to  the  point  where  ionization  energies  are  determined,  There 
is,  in  Russek' s  theory,  seme  question  as  to  whether  the  ionization 
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Figure  *5  -6  Shipping  cross -sections  for  uranium  on  nitrogen  ond  oxygan. 

The  doshed  corves  are  the  F'rsov  model  predictions.  AU  ex¬ 
perimental  data  are  from  Loyton  ond  Fife  (Reference  15-471 . 
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^  Sr  on  N 
o  Sr  on  0 


V  1 10  cm  /sec) 


Figure  15-7,  Stripping  crass-secti ons  as  indicated .  The  dashed  corves  are 
the  Firsov  model  prea.c'iam.  Experimental  data  for  strontium 
an  nitrogen  (triangles)  and  for  iodine  on  nitrogen  (crossed 
circles)  are  from  Layton  and  Fite  (Reference  15-471;  far 
st»antium  an  oxygen  (open  circles),  data  are  from  Garcia, 
Gerjuoy,  and  Welker  (Reference  15-27), 
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energy  should  be  independent  of  the  number  of  electrons  released  or 
whether  this  energy  is  itself  a  function  of  that  number.  There  is  a  fur¬ 
ther  question  as  to  the  numerical  values  to  be  assigned  as  ionization 
energies. 

It  should  be  noted  that  Russek1  s  approach  has  not  yet  yielded  ioni¬ 
zation  cross-sections  but  has  been  used  successfully  to  calculate 
the  angular  distribution  of  ions  scattered  in  different  ionization 
states  (Reference  15-42,  page  398). 

Garcia  and  Gerjuoy  (Reference  15-28)  compared  Russek  model 
predictions  of  the  probability  of  multiple  ionizations  with  experi¬ 
mental  datafor  three  systems,  viz.,  uranium  on  neon,  uranium  on 
argon,  and  atomic  nitrogen  on  molecular  nitrogen.  They  found  only 
moderate  agreement  with  experiment  and  observed  that  the  choice 
of  ionization  energy  independent  of  the  number  of  electrons  released 
provides  better  agreement  than  the  self-consistent  ionization  energy. 
The  calculation  required  predetermination  of  the  average  charge 
state.  The  uncertainties  involved  in  this  determination  tended  to 
overshadow  any  apparent  agreement  with  experiment. 

A  second  application  of  the  Russek  model,  using  the  approxima¬ 
tion  of  Firsov  to  determine  the  excitation  energy  as  a  function  of 
impact  parameter,  wa3  carried  out  by  Garcia  and  Gerjuoy  (Refer¬ 
ence  15-28).  The  Firsov  approximation  was  modified  by  the  assump¬ 
tion  that  the  electron  density  of  interest  is  chat  arising  from  the 
superposition  of  the  densities  of  the  two  atoms.  Despite  several 
sources  of  uncertainty,  the  agreement  between  prediction  and  ex¬ 
periment  was  within  a  factor+of  approximately  two  or  better.  The 
systems  considered  were;  N  on  N£  stripping  2,  3,  or  4  electrons 
at  an  impact  velocity  between  2  x  1  08  and  4.  5  x  10®  cm/ sec;  and  U+ 
on  Ne  stripping  2,  3,  or  4  electrons  at  an  impact  velocity  between 
4  x  10?  and  1.2  x  10®  cm/sec.  The  results  fnr  N+  on  are  shown 
in  Figure  15-9. 


15.5  SAMPLE  EXPERIMENTAL  DATA 

This  compilation  summarizes  data  on:  species  of  slow  ions  formed; 
electron  and  slow  positive- charge  production;  and  electron  cap¬ 
ture  and  loss  crosi- sections  for  heavy  fast  particles  passing  through 
O,  N-j  ,  and  Ne  .  The  types  of  experimental  techniques  and  detec¬ 
tion  methods  used  to  obtain  the  data  are  summarized  in  Table  15-2. 
The  symbols  used  to  identify  the  various  measured  cro3s-section 
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Figure  15-9.  Comparison  of  the  combined  Russek-Firsov  models  for  N+  on  N2. 

The  solid  curves  represent  the  model  with  energies  determined  as 
a  function  of  the  impact  porameter.  The  dashed  curves  represent 
the  model  with  spectroscopic  energies.  Circles,  triangles,  ond 
crosses  indicote  data  paints  for  the  stripping  af  2,  3,  and  4  elec* 
trons,  respectively.  From  the  wark  af  Garcia  and  Gerjuoy  (Refer¬ 
ence  15-28). 
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values  summarized  in  Subsection  15.  5.  1  are  defined  in  Table  15-3. 
The  data  reported  in  the  first  subsection  are  based  largely  upon  the 
literature  search  of  Lo  and  Fite  (Reference  15-49),  which  was  com¬ 
pleted  in  October  1969.  Subsections  1  5.  5.  2  and  1 5.  5.  3  present  data 
obtained  more  recently,  under  Air  Force  Weapons  Laboratory  Con¬ 
tract  No.  F29601  -70- C-0057,  DNA  Project  5710,  at  the  University 
of  Pittsburgh. 


Table  15-2.  Summary  af  experimental  techniques  and  detection 
methods  used  by  various  authors. 

. . .  f  -  I  1  "  I.... 


Author 

(and  References) 

Velocity  ar 
Energy  Ronge 

Technique 

Detection 

Experimental 

Uncertainty 

(percent) 

Brackmann 

(15-8,15-43, 

15-44) 

30-2000 keV 

A 

C 

15  for  (Tjj,  j-U2 

22  far  a-j,  j-i  s  3 

Dmitriev 
(15-50, 15-51) 

(2.6-l2)x 108 
cm/sec 

A 

C 

15-20  for  (jj  ,i-i  £  3 

30  for  cr*,  j,  j  -i  ?  4 

Fagel  (15-52) 

10-65  keV 

A 

C 

15 

Jones  (15-53) 

25-100keV 

A 

C 

Laytan 

(15-45,  15-46, 
15-47, 15-54, 
15-55) 

4-70  keV 

200 -2500 keV 

A 

C,  D 

C 

See  Brackmcinn& Fite 
(Reference  5-8) 

Nikalaev 

(15-56) 

(2.6-12)  x  108 

rryy  /<.*>  r 

See  Dmitriev  (Refer¬ 
ences  15-50, 15-51) 

Ryding 

(15-57) 

400-4000 keV 

A 

c 

10 

Stebbings 
(15-58,  15-59, 
15-60) 

30 eV  -  1 OkeV 

8 

D 

15 

25  for  atomic  oxygen 
as  target  gas 

Wittkower 

(15-61) 

60-450 keV 

A 

C 

12 

4,  beam -in -static -gas  technique;  8,  crossed-beam  technique;  C,  fast  -parr  <cle 
detection;  D,  slaw-particle  detection. 
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15.5.1,1  NEUTRAL  PROJECTILES  ON 
ATOMIC  OXYGEN  (Cont'd.  ) 
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15.5,1.2  ION  PROJECTILES  ON  ATOMIC 
OXYGEN 
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15.  5.  1.  2  ION  PROJECTILES  ON  ATOMIC 
OXYGEN  ( Coni' d.  } 
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5.  1.  2  ION  PROJECTILES  ON  ATOMIC 
OXYGEN  {Cont'd.  ) 
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15.  5.  1.  3  ION  PROJECTILES  ON  MOLECULAR 
NITROGEN  (Cont’d.  ) 
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15.  5.  1.  3  ION  PROJECTILES  ON  MOLECULAR 
NITROGEN  (Cont'd,  ) 
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15.  5.  1.4  ION  PROJECTILES  ON  MOLECULAR 
OXYGEN  (Cont'd,  ) 
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15.5.1,4  ION  PROJECTILES  ON  MOLECULAR 
OXYGEN  (Cont’d. ) 
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15.5.3  Electron  ond  Slow  Positive-Chorgc  Production 
Cross-Sections  (Q_,  Q+)  (Cont'd.) 
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15.5.3  £lectron  ond  Slow  Positive  -Charge  Production 
Cess -Sections  (Q_,  Q+)  (Cont'd.) 
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15.5.3  Electron  ond  Slow  Positive -Charge  Production 
Crass-Sections  (Q _ ,  Q+)  (Cant'd.) 


Energy  (McVl 
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16.  CHARGED-PARTICLE  RECOMBINATION  PROCESSES 

Manfred  A.  Biondi,  University  of  Pittsburgh 
(Latest  Revision  10  August  1971) 


16.1  INTRODUCTION 

Recombination  between  electrons  and  positive  ions  or  between  posi¬ 
tive  and  negative  ions  may  proceed  as  a  direct  two-body  interaction 
or  may  require  the  assistance  of  a  third  body,  such  as  a  neutral  mole¬ 
cule  or  perhaps  another  electron.  (Processes  in  which  a  positive  or 
negative  ion  acts  as  the  third  body  have  not  been  studied;  however,  un¬ 
der  circumstances  of  interest  one  expects  such  processes  to  be  of 
lesser  importance.  )  As  we  shall  see,  much  of  our  quantitative  infor¬ 
mation  concerning  recombination  rates  has  been  obtained  from  experi¬ 
ment;  however,  in  a  number  of  cases  theoretical  estimates  are  all 
we  have  for  the  rate  of  a  particular  recombination  process.  Probably 
the  most  extensive  experimental  work  has  beer  devoted  to  studies  of 
two-body  recombination  processes,  especially  dissociative  electron- 
ion  recombination,  with  substantial  work  on  collisional- radiative 
electron-ion  recombination.  (At  moderate  to  high  plasma  densities, 
electrons  act  as  third  bodies  in  the  latter  reaction.)  Three- 
body,  neutral- stabilized  electron-ion  recombination  has  been 
studied  experimentally  and  little  more  than  estimates  of  the  rate  of 
such  recombination  have  been  made  theoretically.  In  the  case  of  ion 
ion  recombination  there  are  some  experimental  data  concerning  both 
tu'n“body  f mutual  nditrs.liz2.ticn)  2nd  ncct ■  otsbii izcd,  three  - body 

recombination.  Hov.'.vt  *,  only  a  few  cases  of  interest  have  been 
studied;  thus  appeal  will  also  be  made  to  theoretical  calculations  for 
estimated  rates.  A  discussion  of  electron- ion  and  ion- ion  recombina¬ 
tion  processes  of  importance  in  the  upper  atmosphere  has  been 
given  in  a  review  (Reference  16-1). 

The  principal  recombination  reactions  we  shall  deal  with  may  be 
placed  in  the  following  simplified  classifications: 

A.  Electron-Ion 
i.  Two -Body 

a.  Dissociative  XY  -f  e  X  +  Y  (16-1) 
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1.  Two-Body  (Cont'd.  ) 


b.  Radiative ^ 

X+  +  e  -  X*  +  hP 

(16-2) 

Three -Body 

a.  Electron-Stabilized^ 

X  +  e+e-*X’  +  e 

(16-3) 

b.  Neutral- Stabilized 

X+  +  e  +  M  -  X  '"  +  M 

(16-4) 

B.  Ion-Ion 

1.  Two -Body 

+  - 

a.  Mutual  Neutralization  X  +  Y  X  +  Y  (16-5) 

2.  Three-Body 

a.  Thomson  (neutral- 

stabilized)  X+  +  Y"  +  M-  X+  Y+  M  (16-6) 

In  following  sections  the  rates  of  specific  reactions  of  interest 
are  presented  and  pertinent  factors  relating  to  the  reliability  of 
the  measurements  and/or  theoretical  calculations  are  discussed. 

16.2  METHODS  OF  MEASUREMENT 
AND  ANALYSIS 

With  the  possible  exception  of  merged-beam  and  certain  shock-tube 
measurements,  determinations  of  recombination  coefficients  start 
with  the  appropriate  continuity  equation  for  the  electrons  or  ions  un¬ 
der  study.tt  Using  electrons  as  an  example,  we  have,  at  a  given 
point  in  space: 

5n  / St  =  X  P:  -  S  L.  -  v  •  f  (16-7) 

e  |  1  j  J 

where  P-  represents  the  rates  of  various  processes  leading  to  elec¬ 
tron  production  (e.g.,  photoionization),  Lj  represents  the  rates  of 


t  These  two  reactions  taken  together  comprise  the  "Collisional-Radia- 
tive"  recombination  process,  t.  e.  .  A.  1.  band  A.  2.  a. 

t+  In  the  case  of  varying  electron  or  ion  "temperature"  during  the 
measurements,  it  is  necessary  to  use  the  full  Boltzmann  Trans¬ 
port  Equation  in  the  analysis. 
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volume  electron  destruction  processes  (e.g.,  attachment  Jto  neu¬ 
tral  molecules  and  recombination  with  positive  ions),  and  re  repre¬ 
sents  the  particle  current  density  (e.g.,  the  diffusion  of  electrons 
to  the  boundaries  of  the  container  holding  the  ionized  gas).  With  the 
possibility  of  so  many  processes  contributing  to  the  growth  or  decay 
of  electron  density  it  is  necessary  to  achieve  conditions  under  which 
one,  or  at  most  a  few,  processes  are  of  importance  in  order  to  ob¬ 
tain  reliable,  quantitative  determinations  of  the  desired  recombina¬ 
tion  coefficients. 

The  rates  of  two-  and  three-body  electron-ion  recombinations  may 
be  represented  in  the  forms: 

L2r  =  a2r  ne  ”+  •  (16-8) 


and : 


L3r  =  k3r  "e’H  ns  *  <16“9> 

where  d^T  *s  tke  two-body  recombination  coefficient,  k-jr  the  three 
body  rate  coefficient,  and  ne  ,  rip  ,  and  ng  are  electron,  positive- 
ion,  and  stabilizing  agent  (electron  or  neutral  molecule)  concentra¬ 
tions,  respectively.  Analogous  equations,  involving  substitution  of 
the  negative-ion  concentration  n_  for  ne  ,  describe  ion-ion  recom¬ 
bination  coefficients.  It  can  be  seen  that,  in  order  to  obtain  an  ab¬ 
solute  rate  determination,  an  absolute  determination  of  the  electron 
or  ion  concentration  is  required;  therefore,  it  is  important  to  have 
reliable  techniques  for  such  absolute  determinations. 


Four  principal  methods  have  been  used  in  the  recombination  co¬ 
efficient  studies:  (1)  measurements  of  rate  of  growth  of  ionization; 


t~>\ 
\  — / 


\  f  of  An*i 


iti on  done ity  on  * 


>  l-i  <-1  i>iti  a 


steady  ionization  source  is  turned  on  at  time  zero;  (3)  measurements 
of  the  rate  of  decay  of  ionization  when  the  ionizing  source  is  suddenly 
turned  off  (afterglow  measurements);  and  (4)  determinations  of  the 
production  of  neutral  atoms  by  the  merging  of  an  electron  and  an  ion 
beam.  In  some  experiments  more  than  one  of  these  methods  have 
been  used  to  cross-check  the  rate  determinations. 


The  apparatuses  used  fall  roughly  into  microwave  afterglow,  ioni- 
zrtion  chamber,  shock  tube,  and  merged  beam  categories.  Several 
ionizing  sources  have  been  used  in  the  studies;  pulsed  dc  discharges, 
micro*  ive  discharges,  photoionization,  chemionization,  and  pulsed 
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high-energy  (MeV)  electron  beams  are  the  principal  ones.  Absolute 
determinations  of  average  electron  and  ion  densities  have  been  pro¬ 
vided  by  microwave  and  radio-frequency  techniques  (good  accuracy!, 
by  ionization  chamber  charge  collection  (good  accuracy),  and  by 
Langmuir  probes  (questionable  accuracy).  In  the  merged-beam 
studies,  the  currents  of  electrons  and  of  ions  to  a  collecting  elec¬ 
trode,  together  with  probing  of  the  beam  profiles,  are  used  to  infer 
the  ion  and/or  electron  concentrations  in  the  merged  region. 

As  examples  of  the  measurement  procedures,  consider  the  after¬ 
glow  and  the  stationary- state  analyses.  The  afterglow  method  in¬ 
volves  establishment  of  an  ionized  gas  by  application  of  some  external 
ionizing  agent,  followed  by  its  abrupt  termination.  By  careful  choice 
of  experimental  parameters  it  is  possible  to  assure  that  delayed  ioni¬ 
zation  Sources  (e.g.,  metastable  atoms)  are  negligible.  When  at¬ 
tachment  is  unimportant  and  otily  one  type  of  positive  ion  is  present 
in  the  afterglow,  so  that  we  may  set  ne  =>■  n+  (qua s i- neutrality) 
Equation  ( 1  6-7)  reduces  to: 

5ne  (r,  t)/5t  =  -  a2r  (r,  t)  -  <7  •  fe  (r,  t)  ,  (16-10) 

if  electron-ion  recombination  proceeds  via  the  two-body  process. 
Inasmuch  as  the  measuring  techniques  provide  volume -aver aged 
electron  densities,  it  is  necessary  to  integrate  Equation  (  16-10)  over 
the  volume  of  the  container.  Since  it  is  often  possible  to  neglect 
the  diffusive  flow  of  electrons  to  the  boundary  in  comparison  to  the 
volume  loss  by  recombination,  one  obtains  the  simplified  result: 

d^ne(t)^>/dt  =■  -at,r^(t)^  ,  (16-11) 

where  the  brackets  refer  to  space  averages  of  the  electron  density. 
Solution  of  Equation  ( 1 6-  3  1)  following  s eparation  of  variables  (Refer¬ 
ence  lt>-2)  yields  the  "recombination  solution": 

(n^t))'1  -  (n^O)/1  -  S»2rt  .  (16-12) 

where  S  ( r  (m,  ( r  ^  is  the  electron  density  "shape  factor" 

resulting  from  diffusion  to  the  boundaries.  Thus,  absolute  deter¬ 
minations  of  ft  require  not  only  absolute  values  of  average  electron 
density  but  also  knowledge  of  the  form  of  the  spatial  distribution  of 
the  electrons  and  ions  in  the  bounding  container.  Gray  and  Kerr 
(Reference  lo  -J)  have  obtained  computer  solutions  of  Equation  ( i  6 . 1 0) 
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for  the  infinite  cylinder  and  the  sphere;  Frommhold  and  Biondi  ( Refer¬ 
ence  16-4)  present  a  computer  -code  solution  applicable  to  finite  cylin¬ 
ders,  rectangular  parallelepipeds,  and  certain  one-dimensional 
geometries.  These  solutions  permit  correction  of  the  data  to  obtain 
a  from  the  (So;)  determinations. 

In  the  stationary- state  method,  a  known,  constant  rate  of  ioniza¬ 
tion  is  maintained  for  a  long  time.  Then,  if  attachment  processes 
are  unimportant  and  electron-ion  recombination  proceeds  via  a  two- 
body  process  with  only  one  type  of  positive  ion  present,  Equation 
(16-7)  leads  to  the  condition: 

dne/ot  -  0  =  Pj  -  a2rne  +  DaV2ne  ,  (16-13) 

where  Da  is  the  ambipolar  diffusion  coefficient  of  the  electrons  and 
positive  ions.  Efforts  are  made  to  achieve  conditions  in  which  the 
recombination  greatly  outweighs  ambipolar  diffusion.  In  this  special 
case : 


a 


Zr  “■ 


(16-14) 


where  n^®)  is  the  stationary  electron  density  reached  a  long  time 
after  the  ionizing  source  is  turned  on.  This  method  has  been  used 
by  Doering  and  Mahan  (Reference  16-5)  and  by  Young  and  St.  John 
(Reference  16-6)  in  their  studies  of  dissociative  recombination  of 
NO+  ions  with  electrons.  As  in  the  afterglow  analysis  it  is  neces¬ 
sary  to  consider  the  spatial  distribution  of  the  ionizing  source  and 
of  the  electron  density  in  order  to  obtain  absolute  values  of  0!  . 

It  should  be  noted  that  in  this  stationary  method  it  is  important  to 

knuw  the  elccu  ua  dnu  uni  cuugica  uuung  llic  nidaa  ui‘  criucrut.  lj  y  i.  ~»C 

of  either  photoionization,  chemionization,  or  high- energy  (Me  V)  elec¬ 
tron  beams  (no  applied  fields),  even  though  the  electrons  arc  produced 
with  initial  kinetic  energy,  they  quickly  decay  to  ambit:  :t  gas  tempera¬ 
ture  and  may,  therefore,  be  regarded  as  essentially  thermal  during 
the  recombination  events. 

Two  of  the  more  troublesome  problems  encountered  in  the  recom¬ 
bination  studies  are:  (1)  establishing  the  identity  and  t.he  state  of  the 
ion  under  investigation;  and  (?)  in  the  case  of  electron- ion  recom¬ 
bination  measurements  in  eiectronegat.i ve  gases,  minimizing  atta-,  h- 
ment/negative-ion  effects.  The  former  problem  has  been  solved 
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reasonably  well  in  plasma-afterglow  studies  by  adding  a  de¬ 
ferentially  pumped  mass  spectrometer  to  the  side  of  the  ionised-  gas 
container  and,  simultaneously  with  electron  or  ion  density  measure¬ 
ments  in  the  volume,  monitoring  the  ion  currents  reaching  the  wall 
and  effusing  through  a  small  hole  into  the  mass  spectrometer  (Refer - 
ences  16-2,  16-7  through  16-9).  With  positive  ions  it  has  some¬ 

times  been  possible  to  identify  the  electronic  and  vibrational  states 
in  which  they  exist  by  knowledge  of  the  ionizing  source  properties 
(e.  g.  ,  Penning  ionization  by  metastable  atoms  and  photoionization 
with  line  radiation). 

In  the  case  of  negative -ion  effects  in  electron-ion  recombination 
studies,  it  is  not  sufficient  to  make  sure  that  the  rate  of  electron 
attachment  is  small  compared  to  recombination  in  a  cycled  afterglow 
or  in  a  stationary- state  measurement.  Negative  ions  are  essentially 
trapped  in  a  plasma  until  the  ambipolar  space-charge  field  collapses 
(due  to  decreasing  electron  density);  they  ther  efore  build  up  with  firm  e 
until  enhanced  ambipolar  diffusionloss  of  electrons  (References  16-  10, 
16-11)  and  positive-ion-negative-ion  recombination  become 
important,  severely  complicating  the  electron-ion  recombination 
analysis.  Here,  at  least  in  afterglow  measurements,  it  has  been 
possible  tc  minimize  these  effects  by  using  a  "single-pulse"  technique 
in  which  the  gas  is  ionized  for  a  brief  period  and  the  electron  deitsity 
decay  is  determined  from  a  single  afterglow.  By  starting  with  a 
small  attachment  rate,  negative-ion  buildup  never  becomes  important 
during  the  recombination- controlled  portion  of  the  decay.  However, 
in  the  stationary  density  measurements  it  is  quite  pos sible  that  nega¬ 
tive-ion  accumulation  increases  the  electron  loss  by  enhanced  ambi¬ 
polar  diffusion  to  give  an  excessive  apparent  a  value. 

In  determinations  of  positive-ion- negative-ion  recombination  rates, 
the  techniques  in  many  cases  parallel  those  just  described  for  the 
electron-ion  recombination  studies.  For  example,  resonant- cavity 
techniques  at  radio  frequencies  provide  determinations  of  ion  density 
decays  during  the  afterglow,  as  dc  ionization  chamber  measure¬ 
ments.  Merging  beams  of  positive  ions  and  negative  ions  have  been 
used  in  recombination  studies.  In  general,  the  problems  with  iden¬ 
tification  of  the  ions,  specification  of  their  spatial  distr  ibutions,  etc.  , 
discussed  in  the  electron- ion  case,  must  also  be  considered. 

16.3  RESULTS 

In  this  section,  recombination  rates  for  various  ions  and 
processes  are  discussed.  Instead  of  guessing  at  such  values  for 
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ions  which  have  been  studied  neither  experimentally  nor  theoreti¬ 
cally,  the  reader  is  asked  to  infer  the  likely  rate  for  an  un¬ 
investigated  ion  by  noting  the  results  for  the  investigated  ion  most 
closely  resembling  the  ion  in  question.  In  addition,  although  most  of 
the  relevant  measurements  are  discussed  in  the  text,  only  the 
most  reliable  data  points  and  theoretical  pred.ctions  are  plotted 
it,  the  accompanying  figures. 


16.3.1  Electron-Ion  Recombination  — 

Two  Body  Processes 

16.  3.1.  1  DISSOCIATIVE  RECOMEINATION 

It  has  been  possible  to  show  that  the  large  two-body  recombina¬ 
tion  rates  (Ct2r~10"^  cmVsec)  observed  in  laboratory  studies  of 
noble  gases  such  as  neon  and  argon  are  the  result  of  the  dissociative 
recombination  process  (Equation  16-1)  by  demonstrating  the  required 
presence  of  molecular  ions  (References  16-12,  16-13)  and  by  de¬ 

tecting  the  dissociation  kinetic  energy  of  the  excited  atoms  produced 
by  the  recombination  process  (References  16-14,  16-15).  It.  is 

reasonable  to  infer  that  similar  laboratory  studies  of  recombination 
involving  ions  of  ’.onospheric  interest  (e.g.,  N£  ,  ,  NO+)  also  in¬ 

volve  the  dissociative  recombination  process. 


Although  there  have  been  a  number  of  studies  of  recombination  in 
nitrogen  afterglows  (References  36-2,  16-16  through  16-21),  lack  of 
ion  identification  inmost  of  the  studies  relegates  them  to  a  supporting 
role  in  establishing  the  desired  rate  coefficients.  Simultaneous 
microwave  and  mass  -  spectr  ometric  studies  of  nitrogen-neon  after¬ 
glows  permitted  Kasner  and  Biondi  (Reference  lb-2)  to  establish  the 
rate  of  rccoivibijjatiuxi  of  Iona  with  electrons  under  conditions 
where  Tg  =  T+  =  ^gas  =  300  K  should  obtain.  The  N2  ion  current 
to  the  walls  accurately  followed  the  recombination- controlled  volume 
electron-density  decay  during  much  of  the  afterglow.  The  value, 
GtfN^)  =  (2.  9-0.  3)  x  10-7  cm3 /  sec  at  300  K  was  obtained  from  elec¬ 
tron-density  decay  curves  which  obeyed  tne  recombination  law, 
Equation  (16-13),  over  a  density  range  1 3  s f  i  22.  * 


*The  quantity  f  is  defined  as  range  of  reciprocal  electron  densities 
over  which  a  linear  variation  with  time  (to  within  1  percent)  is 
obtained. 


ONA  1948H 


The  Penning  ionization  of  by  neon  metastables  assured 

that  the  ions  were  in  their  ground  electronic,  and  a  low  (v  £  4, 
possibly  v  =  0)  vibrational  state.  The  error  quoted  is  much  larger 
than  any  random  errors  or  any  variation  with  experimental  para¬ 
meters  such  as  nitrogen  or  neon  pressure;  it  reflects  uncertainty 
concerning  the  precise  form  of  the  electron  spatial  distribution 
within  the  cavity  resulting  from  diffusion  to  the  walls. 


Kasner  (Reference  16-20)  has  measured  the  variation  ofafN^) 
with  gas  temperature,  again  under  conditions  where  it  is  expected 
that  Te  =  T+  =  Tgas  ,  over  the  range  200  to  480  K.  In  these  studies 
the  cavity  walls  enclosing  the  ionized  gas  under  investigation  were 
heated  or  cooled.  Over  this  range  very  little  variation  in  a  was 

0  p? 

found;  a  T-"*  power  law  variation  provided  the  best  fit  to  the  data, 
starting  from  a  value  OtfN^)  =  (2.  7  ±  0,  3)  x  10“^  cm^/ sec  at  300  K 
(see  Figure  16-1).  Mehr  and  Biondi  (Reference  16-21),  using  a 
multi-mode  microwave  afterglow  apparatus  to  provide  microwave 
electron  heating  while  leaving  T+  =  Tgas  =  K,  have  determined 
the  variation  of  afN^)  with  Te  by  comparison  of  the  measured 
electron  density  decays  from  recombination- controlled  afterglows 
with  computer  solutions  of  the  continuity  equation,  Equation  ( 1 6- 1 0). 
The  apparatus  makes  use  of  a  differentially-pumped  quadrupole 
mass  spectrometer  to  sample  the  ions  under  study.  Although  con¬ 
ditions  were  achieved  where  ions  other  than  N|  (e.g.  ,  N^)  were 
a  small  minority  throughout  the  recombination-controlled  portion 
of  the  afterglow,  ion  ’’tracking"  of  the  electron-density  decays  was 
imperfect,  raising  some  question  as  to  whether  these  values  of 
afN^)  a-re  accurate  to  *  10  percent,  as  should  normally  be  the  case. 
Mehr  and  Biondi  found  that  o^er  the  range  300  K  s  T„  ^  5000  K,  0i(Nt) 


displayed  a  variation  as  T 


•0.  39 


starting  from  a  value  (1.8Xq*|)  x 


—  'J  ,  ^  U 

10*7  cm  /  sec  at  Te  =  300K.  These  data  are  also  displayed  in 


T7*; - -  l  L 

A  U»  U  A  \J  ~ 


cmpcratu^c  cicpc ncl sncics  of 
when  Ts  alone  is  varied  and  when  Te  and  T-  are  covaried  is,  in 
principle,  explicable  in  terms  of  differing  recombination  coefficients 
for  molecular  ions  in  diffei  ent  vibrational  states.  However,  the 
known  large  vibrational  spacing  of  suggests  that  even  at  480  K 
almost  all  of  the  ions  in  Kasner's  study  are  in  the  v  =  0  vibrational 
state  and  hence  the  two  types  of  measurements  should  have  given 
the  same  energy  dependence  over  the  common  temperature  range. 

No  explanation  is  available  for  the  difference,  but  it  is  suggested 
that,  at  higher  electron  temperatures  (>  500  K),  the  Te*^-  ^9 
variation  be  used. 


16-8 


TEMPERATURE  (K) 


Figure  16 


1.  Two-tody  electron -ion  recombination  coefficients,  a(N2)  and 
a(N^).  The  symbol  T  refers  ta  conditions  such  that  Te  =  T+ = 
Tgas  and  the  symbol  Te  to  the  condition  T+  =  Tgas  =  300 K, 
with  Te  variable.  Results  shown  are  from  Kasner  ond  Biondi 
(KB)  (Reference  16-2),  Hockam  (Ho)  (Reference  16-19), 

Kasner  (K)  (Reference  16-20),  Mehr  and  Biondi  (MB)  (Refer¬ 
ence  16-21),  and  Hagen  (H)  (Reference  16-22). 
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Kasner  and  Biondi  (Reference  16-2)  were  able  to  study  the  recom¬ 
bination  of  the  dimer  ion  N^  by  increasing  the  amount  of  nitrogen  in 
their  nitrogen- neon  mixtures.  At  higher  nitrogen  partial  pressures 
(>  10"^  torr),  N^  and  to  a  lesser  extent  Nj  are  the  important  after¬ 
glow  ions.  A  coefficient  a(N^)  =>■  2  x  10"6  cm^/sec  was  obtained  at 
300  K  and  the  inference  from  the  data  appears  to  be  that  ^(N^)  is  ap¬ 
preciably  smaller. 

It  is  not  possible  to  reconcile  these  results  with  the  data  of  Ment- 
zoni  (Reference  16-18),  who  obtains  a  strong  pressure  dependence 
for  a  in  nitrogen  at  much  higher  pressures  (2  to  6  torr)  than  should 
lead  to  predominance  of  N-j  ions.  In  addition,  his  values  at  300  K 
are  too  small  to  agree  with  the  N^  results  of  Kasner  and  Biondi. 

By  way  of  contrast,  Hackam  (Reference  16-19)  obtains  very  good 
agreement  at  300  K  and  high  nitrogen  pressures  (>  10  torr)  between 
his  recombination  coefficient  and  the  o;{N^)  value  of  Kasner  and 
Biondi.  Over  the  temperature  range  300  to  700  K  he  finds  a  variation 
of  a:  approximately  as  T-^  .  Thus,  it  is  tentatively  concluded 
that  afN^)  exhibits  this  variation  for  Te  -  T+  =  T^as  over  the 
quoted  range. 

Before  leaving  the  discussion  of  nitrogen,  it  should  be  noted  that 
merging-beam  determinations  of  ©(N^)  have  been  the  subject  of  pre¬ 
liminary  reports  (References  16-22,  16-23).  Hagen  (Reference 

16-22)  finds  that  Cf(  N-i)  starts  from  a  value  (2.  5^1'  q)x  10~^cro^/sec 
at  0.  1  eV  relative  energy  between  ions  and  electrons,  varies  little 
with  energy  to  ~0.  7eV,  and  then  falls  more  and  more  rapidly  with 
increasing  energy  to  -—5  eV.  Theard  (Reference  16-23),  on  the  other 
hand,  finds  that  the  relative  values  ofQ;(N^)  decrease  approximately 
inversely  with  the  first  power  of  the  relative  energy  between  ^0.  2 
and  J  eV  and  then  fall  more  and  more  rapidly  up  to  the  maximum 

r*  o  1 ?  xro  z»nr>i*rm  TViac*»  'S  \»/  Vin  n 
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quantitative,  may  prove  useful  for  extending  recombination-rate 
determinations  to  much  higher  electron  energies  than  can  be  studied 
by  plasma-afterflow  techniques. 

NO4-,  (NO’NO+) 

There  have  been  a  number  of  investigations  of  recombination  of 
NO"*”  ions  produced  by  photoionization  of  NO  (Refer  rnces  16-5,  lo-7, 
16-24),  by  chemionization  in  mixtures  of  N  and  O  ton.!  (Refer 
ence  16-6),  and  by  fast  (MeV)  electron  borr  bardn.e..'  of  NO  gas 
(Reference  16-25).  In  only  two  of  these  studies  (Reference  15-  7 
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16-24)  has  a  differentially-pumped  mass  spectrometer  been  used 
to  identify  the  ions  present,  although  in  one  the  mass  spectrometer 
could  only  be  operated  at  pressures  lower  than  those  used  in  the  ac¬ 
tual  recombination  studies  (Reference  16-7). 

Weller  and  Biondi  (Reference  16-24)  determined  the  values  of 
a(NO+)  at  gas  temperatures  of  200,  300,  and  450  K  from  "single¬ 
pulse-afterglow"  studies  of  electron-density  decays  in  photoionized 
NO-Ne  mixtures.  At  all  temperatures  conditions  were  achieved 
where  NO+  was  the  only  significant  afterglow  ion,  and  ion  ‘'tracking" 
of  the  electron-density  decays  was  satisfactory.  Good  fits  of  the 
electron  decays  to  computer  solutions  of  Equation(  16-10)  suggested 
very  good  (<  1  10  percent)  accuracy  inthe  determinations.  The  values 
obtained  were  (7,  4  ±  0.  7 )  ,  (4.  1*®’  ^  )  and  (  3.  1±0.  2)  x  10"^  cm^/ sec 
at  200,  300,  and  450  K,  respectively. 

Except  at  low  temperatures,  where  Weller  and  Biondi  found  that 
it  required  considerable  care  to  achieve  conditions  which  limited  the 
concentration  of  the  dimer  ion  (NO,NO+),  the  results  were  in  good 
agreement  with  those  of  Gunton  and  Shaw  (Reference  16-7),  whose 
earlier  studies  using  similar  photoionization  and  microwave  tech¬ 
niques  had  not  involved  mass-spectrometer  operation  under  recom¬ 
bination-controlled  (high-pressure)  conditions.  Their  values  were 
(lO^g),  (4.  6*®’  j),  and  (3.  st  q]  5)  x  10-7  cm^/sec  at  196,  298,  and 
358  K,  respectively.  The  196 K  value  is  almost  certainly  high  owing  to 
he  interference  of  the  dimer  ion,  whose  recombination  rate  is  dis¬ 
cussed  below. 

.Earlier  studies  by  Doering  and  Mahan  (Reference  16-5)  of  photo- 
ionized  NO  using  Langmuir  probes  to  determine  the  positive  ion  den¬ 
sities  had  led  to  estimates  of  the  recombination  coefficient  at  300  K 
lying  between  2  x  10*^  cm^/sec,  from  the  stationary-ion-density 
method,  Equation  ( 16-  14),  and  4  x  1  O'  1  cm'Vsec,  from  analysis  of 
repetitive-afterglow  decay  data,  using  Equation  (16-12),  with 
f  54  . 

Much  better  success  in  obtaining  consistent  results  between  the 
stationary- ion-density  method  and  a  time- variation  method  (in  this 
case,  rate  of  growth  measurements)  has  been  obtained  by  Young  and 
St.  John  (Reference  16-6),  who  employed  chemionization  in  N  and 
O  atom  mixtures  to  produce  NO+  :ons.  Using  ionization- chamber 
charge  -  collection  techniques  tc  determine  iondensities,  they  obtained 
Of-  (542)  x  10"^  cm^/sec  at  300  K.  in  satisfactory  agreement 
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with  the  results  of  Weller  and  Biondi,  and  of  Gunton  and  Shaw.  At  the 
present  time,  negative-ion  accumulation  effects  in  the  stationary- state 
method  have  not  been  evaluated. 

Van  Lint  and  Wyatt  (Reference  16-25)  reported  microwave  after¬ 
glow  measurements  on  He- MO  mixtures  (1000:1),  ionized  by  a  pulse 
of  energetic  (Mev)  electrons.  Over  the  mixture  pressure  range  ~1G 
to  1  00  torr  they  obtained  &  »  5  x  10'^  cm^/ sec,  independent  of  pres¬ 
sure  at  300K,  Rather  impure  NO  samples  were  used  in  these  studies, 
as  evidenced  by  anomalously  large  attachment  losses. 

The  several  room-temperature  measurements  appear  to  support 
the  value  o^NO*)  =  (4.  1±0.  3)  x  10"  '  cm^/sec,  independent  of  the 
means  of  generating  the  NO+  . 

The  available  knowledge  of  the  temperature  dependence  of  a  (NO*) 

:s  contained  in  Figure  16-2.  The  relevant  data  between  200  and  4  50  K 
of  Weller  and  Biondi  and  of  Gunton  and  Shaw  are  included.  Also 
shown  on  the  figure  are  microwave  electron-density  de cay  measure¬ 
ments  of  shock-heated  air  by  Stein  et  al  (Reference  16-26),  which 
presumably  refer  to  NO+  ions  in  the  gas  at  «*2900K.  In  addition, 

Lin  and  Teare  (Reference  16-27),  from  a  complicated  analysis  of 
ionization  behind  shock  waves  in  air,  concluded  that  a  value  of  a 
2  x  10"^  cm^/eec  at  5000  Kwas  consistent  with  their  electron-density 
measurements.  The  two  latter  results  are  very  uncertain  but 
represent  the  only  experimental  high-temperature  a-value  estimates 
available, 

Bardsley  (Reference  16-28)  has  calculated  the  recombination  co¬ 
efficient  a(NG+)  via  the  direct  dissociative  capture  process  for  NO+ 
ions  in  their  ground  vibrational  state.  Using  available  spectroscopic 
data  concerning  vibrational  spacing  and  estimates  of  the  shapes  of 
the  potential  curves  involved  in  the  process,  he  finds,  for  direct  cap¬ 
ture  into  two  of  the  four  accessible  repulsive  states,  a  value  CScj(NO+) 
-  2.6  x  10*^  cm^/ sec  at  300  K.  In  addition  he  has  calculated  the  varia¬ 
tion  of  acj(NO+)  under  conditions  where  Te  alone  is  varied,  leaving 
T-  =  Tn  =  300  K,  and  where  Te  and  Tj  are  covaried.  His  pre¬ 
dicted  variations  of  for  each  case  are  shown  by  the  dashed 

line  in  Figure  16-2.  It  will  be  seen  that  Bardsley *s  values  of  a(j(NO+) 
for  two  cf  the  four  possible  repulsjve  states,  which  should  represent 
a  lower  bound  on  the  total  coefficient  3r(NO+),  lie  above  the  iiigh- 
temperatu-e  values  of  Stein  eta!,  and  of  Lin  and  Teare.  In  view  of 
the  great  uncertainty  in  tb-  high-temper ature  measurements, 
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Figure  16-2.  T  wa  -body  electron  -ion  recombination  coefficient  a<NO+)  as 
a  function  uf  temperature.  Experimental  results  far  Te  =Tj. - 
Tgas  are  from  Gunton  and  Shaw  {GS-open  circles)  (Reference 
16-7),  Weller  and  Biandi  (WB -sal id  squares)  (Reference  16-24), 
Stein  et  al,  (S)  (Reference  16-26),  and  Lin  and  Teare  (IT) 
{Reference  16-27).  The  theoretical  calculations  of  Bardsley 
(B)  (Reference  16-28)  are  also  shown. 
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the  theoretically  predicted  energy  variation  of  a(j(NO+)  probably  pro¬ 
vides  the  best  available  estimate  of  the  high-temperature  values. 

Finally,  as  in  the  case  of  nitrogen  it  has  been  possible  to  obtain 
a  value  for  the  recombination  of  the  dimer  ion  (NO*NO+)  by  in¬ 
creasing  the  partial  pressure  of  NO  to  ~  0. 2  torr  in  the  NO-Ne 
mixtures.  From  such  studies  Weller  and  Biondi  (Reference  16-24) 
find  0!(NO-NO+)  =  (l .  7±0.  4)  x  10-6  cm3/sec  at  T  =  300  K. 

+  + 

°2*  °4 

Simultaneous  microwave  a. id  mass-spectroscopic  measurements 
of  electron  and  positive-iondecays  in  oxygen- neon  mixtures  have 
been  used  by  Kasner  and  Biondi  (Reference  1  3-29)  to  determine  O^oij). 
A  Msingle-pulse-afterglow"  method  was  used  to  avoid  negative -ion 
accumulation  effects  and  it  was  found  that,  in  contrast  to  earlier  repeti¬ 
tive  pulse-afterglow  studies  (Reference  16-30),  the  ion  wall  cur¬ 
rent  accurately  "tracked"  the  recombination-controlled  electron-den¬ 
sity  decay.  At  300K,  a  value  O^O^)  =  (2.240.5)  x  10'^  cmJ/sec  was 
found  from  l/(ne)  versus  t  plots  exhibiting  linear  regions,  f  ^  10 
over  the  ranges  3x1  0”^  <  p(02>  <  lO'^  torr  and  p(Ne)  as  20  torr.  In 
these  studies  it  is  possible  that  the  3P^  neon  metastables  produce 
Ot  ions  in  their  ground  electronic  state  and  a  high  vibrational  state 
(v  £  20)  or  even  in  the  first  excited  electronic  state  (a  llu).  Intriple 
mixture  (Ne:Ar:C>2)  studies,  attempts  were  made  to  limit  the  O+ 
ions  to  the  ground  electronic  and  lower  (v  £  5)  vibrational  states. 

Mehr  and  Biondi  (Reference  16-21)  have  used  a  microwave  after¬ 
glow/mass-spectrometer  apparatus  employing  microwave  electron 
heating  to  determine  O^O^)  in  oxygen-neon  mixtures.  Good  ion 
tracking  of  the  electron- density  decays  was  obtained  and  accurate 
values  of  were  determined  irom  comparison  of  the  experimental 

data  with  computer  solutions  of  Equation  (16-10).  At  Te  -  300  K  a 
value  Or (O2)  =  ( 1 . 9 540.  2)  x  1C ‘  ?  cmVsec  was  obtained,  in  good 
agreement  with  Kasner  and  Biondi* s  results. 

Previous  microwave  afterglow  work  without  mass  identification 
of  the  ions  by  Biondi  ind  Brown  (P.eference  16-16)  and  by  Mentzori 
(Reference  16-31)  led  to  values  of  Ofssi  x  10“^  and  2  x  10 “7  cmVscc, 
respectively,  at  low  pressures  (?s  2  torr)  of  pure  oxygen.  However, 
at  even  lower  oxygen  pressures  in  oxygen-helium  mixtures  Kasner, 
Rogers,  and  Biondi  (Reference  16-30)  found  substantial  O3  ion  con¬ 
centrations,  so  that  the  afterglow  ionic  compositions  in  the  studies 
without  mass  analysis  are  in  doubt. 
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In  ternperatur  e-dependence  studies  Kasner  and  Biondi  (Reference 
16-29)  find  that,  over  the  range  205  to  690K,  for  ions  in  the 

(X2ng)  ground  state  decreases  from  the  value  3,0x  10‘7  to  1.0  x 
10~7  cm3/sec.  These  results  are  shown  by  the  X-symbols  and  dashed 
line  in  Figure  16-3,  Similarly,  Smith  and  Goodall  (Reference 
16-32)  have  used  a  Langmuir  probe  to  determine  electron-density 
decays  in  oxygen- helium  afterglows;  however,  although  mass  analy¬ 
sis  of  the  ions  had  been  employed  in  related  ion- molecule  reaction 
studies,  they  omitted  such  analysis  in  the  recombination  work.  (They 


Figure  16-3.  Two-body  electron-ion  recombination  coefficient  afOt)  as  o 
function  of  temperature.  The  experimental  results  are  from 
Kasner  ond  Biondi  (KB)  (Reference  16-29),  Mehr  ond  Biondi 
(MB)  (Reference  16-2i),  ond  Soyers  (S)  (Reference  16-33). 
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arc  remedying  this  deficiency).  While  their  value  at  300  K  is  in  good 
agreement  with  the  data  of  Kasner  and  Biondi,  the  variation  with  gas 
temperature  is  less  rapid.  Similarly  Mentzoni's  data  (Reference 
16-31),  taken  over  the  range  300-900  K,  fall  consistently  higher  tha.n 
Kasner  and  Biondi ‘s>  results  at  the  higher  temperatures.  As  a  re¬ 
sult  of  lack  of  ion  identification  in  the  studies  of  Smith  and  Goodall 
and  of  Mentzoni,  their  inferred  temperature  variation  of  (^(O^)  is 
probably  less  reliable. 

Mehr  and  Biondi  (Reference  16-21)  determined  ^(G^)  over  the 
range  300  K  •£  £  5000  K  (with  T^.  =  Tgas  =  300  K)  and  found  that 

the  recombination  coefficient  varies  approximately  as  Te*^-  ^  be- 
tween  300  and  1200  K,  and  as  between  1200  and  5000  K.  Sayers 

(Reference  16-33),  using  a  Langmuir-probe/mass  -  spectrometer 
apparatus  to  study  oxygen -helium  afterglows,  reported  tne  value  0/(0^) 

:  4  x  10"®  cm^/sec  at  T  =  2500  K,  in  fair  agreement  with  the  re¬ 
sults  of  Mehr  and  Biondi.  The  various  data  are  given  in  Figure  16-3 
and  it  will  be  seen  that,  over  the  common  temperature  range,  O^O-J) 
exhibits  roughly  the  same  energy  variation  when  Te  alone  and  when 
T  and  Tj  together  are  increased  above  room  temperature,  provided 
binary  mixture  (0?:Nc)  data  arc  compared.  In  this  case,  there  may¬ 
be  some  effect  excited  i*Xi  ions  on  the  recombination  deter¬ 
minations.  Only  in  the  triple-mixture  studies  (NetArtO-?)  of  Kasner 
and  Biondi  {X  symbols  in  Figure  16-3)  can  one  assume  that  the  0’£ 
ions  a:  e  in  their  ground  electronic  state. 


Finally,  at  low  temperatures  Kasner  and  Biondi  (Reference  16- 
29?  were  able  to  separate  the  effects  of  and  on  the  recom¬ 
bination  loss  of  electrons,  and  found  a  value  vV(O^)  ~  2.  3  x  10*^ 
cm^ /sec  at  205  K  for  the.  dimer  ion. 

Zipf  (Ref ere  nee  16-3-1)  has  measured  the  branching  ratios  for  pro¬ 
duction  of  various  O-atom  states,  For  each  05  ion  recombined, 
two  O  atoms  are  produced  in  the  ratios  1.0(3p)  :  0.  9(*D)  :  0.  1(^S). 


Hydronium  Series  and  Other  Ions 

Although  measurements  have  been  carried  out  in  other  gases  of 
possible  ionospher  ic  interest  (e.g.,  MO;?),  lack  of  ion  identification 
makes  reporting  the  deduced  recombination  coefficients  speculative. 
In  general,  at  300  K  the  "lighter"  diatomic  molecular  ions  (including 
Nvy)  yield  O  values  in  the  range  (2-5)  x  10*  ^  cm^/sec,  while  the 
more  complex  ions,  iudging  bv  the  behavior  of  Nt  ,  tNQ>KO"*)  ,  and 
.  may  exl  iblt  substantially  larger  values,  i.  e.  ,  »>  10" °  em  '/sec. 
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Of  particular  importance,  in  view  of  its  discovery  in  D-region 
rocket  sounding,  is  the  hydroniurn-ion  series,  '(h^O)  ,  where 

n  =  0,  1,  2,  .  . .  .  A  considerable  amount  of  activity  has  focussed 
upon  laboratory  determination  of  the  corresponding  recombination 
rates.  In  earlier  studies,  Greenand  Sugden  (Reference  16-35)  used 
a  mass  spectrometer  to  measure  the  decay  of  H30+  ions  from  a 
hydrogen- oxygen-acetylene  flame  at  approximately  2100  K,  and 
found  a  value  a(HjO+)  *“  2  x  10~^  cm^/sec.  Wilson  and  Evans 
(Reference  16-36)  used  microwave  techniques  to  measure  the  decay 
of  electron  density  behind  shock  fronts  in  argon  containing  small 
amounts  of  oxygen  and  hydrocarbon  (e.g.,  acetylene).  Presumably 
the  ion  in  these  recombination- controlled  decays  is  .  They 

found  that  O'  varied  approximately  as  T~ ^  over  the  range  2400  K  < 

T  <  5600  K,  with  a  value  0r»*  1.  5  x  10*  '  cm^/sec  at  3000  K.  With 
the  usual  inverse  temperature  dependences  encountered  for  dis¬ 
sociative  recombination,  a  va’ue  in  excess  of  10"^  cm^/sec  at  300  K 
is  implied. 

Biondi,  Leu,  and  Johnsen  (Reference  16-37)  have  reported  pre¬ 
liminary  measurements  oi  ’  ydronium-series  ion  coefficients  using 
their  microwave-afterglov,  /  mass- spectrometer  apparatus.  Using 
varying  amounts  of  water  vapor  in  helium  buffer  gas  and  varying 
the  gas  temperature  to  control  the  members  of  the  hydronium-series 
ions  present  in  the  afterglow,  they  were  able  to  study  one  or  two 
of  the  ion  types  at  a  time.  They  find  recombination  coefficients 
ranging  from  a(  1 9+)  =  ( 1 .  1±0.  2)  x  10" ^  cm^/sec  at  T  '  540  K  to 
a(  109+)  =  (lO-i-2)  x  10-6  cm^/sec  at  205  K.  In  addition,  only  n  weak 
temperature  dependence  is  seen  in  the  studies  of  a(55+)  at  540,  415, 
and  300  K.  The  inferred  temperature  dependence,  ~ T" ^  ,  is 
weaker  than  that  found  for  dissociative  recombination,  suggesting 
that  for  these  complex  ions,  the  very  large  recombination  coefficient 
rr.ay  result  from  cACita.tiOu  ui  iutuvwa-l  it iuucs  ,  rotation)  m  the 

initial  capture  step,  thus  lengthening  the  autoionization  time  and 
assuring  stabilization  by  dissociation. 

Theoretical  Calculations 

Substantial  progress  in  theoretical  calculations  of  dissociative  re¬ 
combination  coefficients  has  been  achieved  in  the  past  few  years.  In 
addition  to  the  previously  mentioned  calculations  by  Bardsley  of 
a(NO+)  (Reference  16-28)  and  its  variati on  wi*\  Ty  and  with  T^  , 
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there  are  calculations  by  Wilkins  and  by  Warke  of  o^N^)  and  a<0$) 
for  ions  in  their  ground  vibrational  states  (References  16-38,  16-39), 
which  yield  values  in  qualitative  agreement  with  the  experimental 
data  at  300  K.  All  of  these  calculations  either  make  assumptions 
or  use  spectroscopic  data  in  an  effort  to  characterize  the  potential 
curve  crossings  in  the  direct  dissociative  process  and  are  not,  there¬ 
fore,  ab  initio  theoretical  calculations. 

Nielsen  and  Berry  (Reference  16-40)  have  carried  out  ab  initio 
calculations  of  the  potential  curves  of  the  Rydberg  states  of  the  H2 
molecule  which  may  contribute  to  a  special  form  of  the  !;indirect" 
dissociative  recombination  process,  and  have  found  that,  to  reach 
the  vibration  continuum  of  one  of  the  Rydberg  states  so  that  dissocia¬ 
tion  can  occur,  the  ions  must  be  in  their  v=7  vibrational  state. 
Thus  it  appears  that  this  mechanism  does  not  provide  a  significant 
contribution  to  the  overall  dissociative  recombination  process . 

A  difficulty  with  ab  initio  calculations  of  the  direct  dissociative 
process  appears  to  be  lack  of  a  suitable  technique  for  calculation  of 
the  repulsive  potential  curves  of  the  excited  molecule  in  the  region 
where  they  cross  the  molecular- ion  state. 

16.3.  1.2  RADIATIVE  RECOMBINATION 

Most  of  the  available  information  concerning  rates  of  radiative 
capture  of  electrons  by  positive  ions  comes  from  theory  (References 
16-41,  16-42).  The  radiative  process  (Equation  16-2)  will  only 

be  of  importance  when  the  molecular -ion/ atomic-ion  ratio  is  small 
( £  10“  )  and  when  charged-particle  densities  are  low  (<  10  cm  ), 
Theory  indicates  that  for  capture  into  the  lower  levels  of  the  excited 
atom,  the  partial  recombination  coefficient  varies  as  Te*®‘  ^  ,  while 
for  canture  into  thr-  hitrhlv  excited  <state«  Ivincr  within  ss  k  T  of  the 

‘  O  /  *  .  G 

continuum,  iL  varies  approximately  as  Te~  ’  .  The  overall  recom¬ 

bination  coefficient  varies  approximately  as  Te‘^*7  .  The  calculated 
recombination  coefficients  for  various  positive  ions  appear  to  be 
quite  similar  in  magnitude,  varying  by  less  than  a  factor  of  two  in 
going  from  Ii+  to  K+  .  The  dependence  of  the  radiative  recombina¬ 
tion  coefficient  on  electron  temperature  for  He+  or  H'  ions  is  shown 
in  Figure  16-4  by  the  intercepts  at  the  low- electron-density  end  of  the 
scale,  illustrating  the  Te*0-  ?  dependence.  The  little  experimental 
evidence  relating  to  radiative  recombination  supports  the  calculated 
magnitudes  of  the  coefficients. 
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Figure  16-4.  Effective  two-body  recombination  coefficient  for  collisianol- 
radiative  reccmbinotian  of  electrons  and  H4  ions  as  a 
function  of  electron  density,  over  a  range  of  elect-on 
temperatures. 


16.3.2  Electron -Ion  Recombination  — 

Three -Body  Processes 

16.  3.  2.  1  ELECTRON-STABILIZED 
RECOMBINATION 

Under  circumstances  where  a  relatively  large  electron  density 
(>  106  crn"^)  is  present,  capture  of  an  electron  by  an  atomic  ion  is 
assisted  by  a  second  electron  (Equation  16-3),  leading  to  the  "col- 
lisional"  part  of  collisional-radiative  recombination.  Here  again, 
more  is  known  about  the  process  from  theoretical  calculations  such 
as  those  of  Bates,  Kingston,  and  McWhirter  (Reference  1  6-43),  based 
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on  the  use  of  certain  measured  collision  cross-section  data,  than 
fiom  experiment.  It  appears  that  the  recombination  coefficient  is 
not  particularly  sensitive  to  the  identity  of  the  singly-charged  ions, 
and  available  experimental  results  (References  16-44,  16-45)  are 
consistent  with  the  calculated  values. 

Essentially  the  same  three-body  coefficient  k3e  is  obtained  for 
He+  and  IT*'  ions;  at  "low"  electron  temperatures,  Te  <  2000  K, 
one  has  a  variation  of  kje  approximately  as  T  ^  .  In  comparing 
this  three-body  rate  to  two-body  rates  it  is  useful  to  note  that  at 
300  K  the  equivalent  two-body  rate  for  this  process  is  "O^g"  « 
(I0-^ne)  cm^/sec,  where  ng  is  expressed  in  electr ons/ cml  The 
results  of  the  calculations  of  the  electron- stabilized  recombination 
coefficients  are  ihown  by  the  lines  which  etpproach  a  45-degree  slope 
in  Figure  16-4. 

16,3.2.2  NEUTRAL -STABILIZED 
RECOMBINATION 

In  the  lower  atmosphere,  where  .eutral-roolecute  concentrations 
are  large.  Reaction  (16-4)  may  raise  recombination  rates  above  the 
dissociative  value.  There  is  a  limited  amount  of  experimental  in¬ 
formation  concerning  the  rate  of  neutral- stabilized,  three-body  re¬ 
combination,  and  available  theory  yields  little  better  than  a  crude 
estimate  of  the  possible  rates.  Deloche  et  al,  and  Berlande  et  al 
(Rri  mnees  16-46,  16-47),  have  studied  electron  loss  by  recom¬ 

bination  as  .1  function  of  neutral  concentration  in  a  high-pressure 
helium-plasma-al'terglow.  They  used  microwave  interferometry 
techniques  to  determine  the  electron-density  decay  but  did  not  em¬ 
ploy  a  mass  spectrometer  to  analyze  the  ions.  At  low-to-moderate 
electron  dens, ties  they  find  the  rate  coefficient  to  be  two-body  in 
character  whii  respect  to  elections  anu  ions  and  to  vaiy  dnectly 
with  the  neutral  helium  concentration,  suggesting  that  the  process 
under  study  is: 

He  +  e  +  He  —  neutral  products  .  (16-15) 

y  7 

Tn  : y  obtain  a  three-body  iate  coefficient  k  =  (2.  OiO.  5)  x  10“ 6 
c. ni^/sec  at  300  K. 

On  the  theoret;cal  side,  Massey  and  Burhop  (Reference  16-48) 
used  an  argument  paralleling  Thomson's  theory  for  ions  to  suggest 
that  for  "air1  ions  at  300  K  the  coefficient  may  be  of  the  order 
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k3n  st  6  x  10"  '  cm"/ sec.  There  is  no  information  which  can  be  used 
to  set  error  limits  on  this  estimate;  however,  a  distinction  has  been 
made  between  atoms  and  molecules  acting  as  third  bodies  in  stabilizing 
the  recombination,  owing  to  the  fact  that  the  molecule  is  more 
effective  than  the  atom  in  removing  kinetic  energy  at  a  collision  with 
an  electron  as  a  result  of  the  large  number  of  low- energy  vibrational 
and  rotational  states  which  may  be  excited.  This  factor  was  taken 
into  account  in  the  estimate  of  k^n  for  "air"  ions  and  neutral  stabilizing 
molecules.  If  for  some  reason  only  atoms  are  present,  k^n 
may  be  substantially  smaller.  This  theoretical  prediction  is  in  ac¬ 
cord  with  the  experimental  determinations  for  helium,  which  reveal 
a  rather  smaller  value  of  k^n  whenatoms  (helium)  are  the  stabilizing 
ag  e  nt . 

The  modified  Thomson  theory  suggests  an  energy  variationapproxi- 
mately  as  Te"^/2  for  the  neutral  stabilized  process.  This  leads  to 
the  general  rate  coefficient  for  any  positive  ion  of: 

k3n  *  1  x  10"<26il>  {Tjl00)~5/Z  cm6/sec  ,  (16-16) 

where  the  order  of  magnitude  of  the  quoted  uncertainty  is  in  doubt. 

16.3.3  Ion-Ion  Recombination — 

Two-Body  Processes 

16.  3.  3.  1  MUTUAL  NEUTRALIZATION* 

Several  studies  of  ion-ion  mutual  neutralization,  Equation  ( 1 6- 5), 
have  been  carried  out  at  near- thermal  mergies.  Greaves  (Refer¬ 
ence  16-9)  and  Sayers  (Refer e  nee  16-49)  have  inve  stigated  halogen  ions 
such  as  it  and  I".  An  afterglow  technique  was  employed,  making 
use  of  radio-frequency  (»  10  MHz)  determinations  of  the  dielec¬ 
tric  coefficient  of  the  ions  to  determine  ion  concentrations.  Ion 
identification  was  supplied  by  a  small,  differentially-pumped  mass 
spectrometer  appended  to  the  experimental  tube  (Reference  16-9). 

In  iodine  (Reference  16-9)  and  bromine  (Reference  16-49)  vapor,  a 
coefficient  0^^  *  l  x  10“  1  cmJ/  sec  was  found  at  T  *»  300  K  from 
curves  having  f  values  between  2  and  6.  With  increasing  tempera¬ 
ture  from  100  to  340  K,  O'  decreased  from  1 .  2  x  1 0" ”  to  1 . 0  x  10"' 
r m^/sec  in  iodine,  leading  to  an  approximate  T'-^2  dependence 
over  this  extremely  limited  range. 

’-The  author  wishes  to  thank  J.  R.  Peterson  of  Stanford  Research 
Institute  for  his  contributions  to  the  writing  of  this  si  hsection  on 
mutual  neutralization. 
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Hirsh  et  ai  (References  16-30,  16-51)  have  carried  out  after¬ 
glow  studies  of  ion-ion  recombination  using  an  r-f  impedance  probe 
to  determine  the  ion  concentrations  in  air-like  N7-C>2  mixtures  fol¬ 
lowing  ionization  by  a  pulse  of  MeV  electrons.  A  differentially- 
pumped  mass  spectrometer  identified  the  principal  ions  undergoing 
recombination  as  NO4,  and  NO3.  Their  earlier  value  ( Refer - 

ence  16-50),  amn  =  (4+ 1)  x  1 0~®  cm3 / se c  at  300  K,  was  later  re¬ 
determined  (Reference  16-51)  as  (3,4±1.2)  x  10'®  cm^/sec,  and 
was  also  indicated  as  referring  specifically  to  the  reaction  of 
NO4  +  NO3  .  A  value  of  (17.  5±6)  x  10'®  cm^/sec  was  obtained  for 
NO4  +  NO2  (Reference  16-51} 

Mahan  and  Person  (Reference  16-52)  studied  ionic  recombination 
in  photoionized  NO-NO^-noble  gas  mixtures  using  an  apparatus  which 
did  not  employ  mass  analysis  of  the  ions.  They  argued  that  the  ions  un¬ 
der  study  wer  e  probably  NO4  and  NO^  -  A  parallel-plate  ionization 
chamber  employing  pulsed  charge  collection  was  used  to  determine 
ion  densities  in  the  afterglow.  At  low  pressures,  a  two -body  coefficient 
O'  =-  (2*0.  5)  x  10*7  crn3/Sec  was  obtained  at  300  K  from  decay 
curves  exhibiting  substantial  f  values,  i.  e.  ,  >15.  Thus,  the  quoted 
error  limit  has  more  to  do  with  uncertainties  concerning  the  exact 
form  of  the  ions'  spatial  distribution  than  with  slope  measurement 
errors. 

More  recently,  a  merged- beam  apparatus  has  been  used  by  a 
group  at  Stanford  Research  Institute  to  obtain  mutual-neutralization 
cross-sections  between  a  variety  of  mass-analyzedpositive  and  nega¬ 
tive  ions  over  a  range  of  center-of- mass  eneigies  from  0.  1  to 
about  300  eV.  Systems  that  have  been  investigated  include  f  H  , 

N4  +  O",  0+  f-  O'  ,  He+  +  D"  ,  +  07  ,  +  0~2  ,  +  NO^  , 

NO+  3-  NO?  ,  C>2  ■*-  NO 3  ,  and  NO4  +  NOj  (References  1 6- 53  through 
16-61),  Generally,  all  of  the  measured  values  of  <*mn  lie  between 
0.  5  and  3.  0  x  10'  *  cmJ/  sec,  and  ait  rates  increase  toward  lower 
energy. 

A  low-energy  expansion  of  the  Landau- Zener  formula  for  these 
reactions  (Reference  16-56)  was  used  to  extrapolate  the  results  to 
thermal  eneigies.  After  Boltzmann  averaging,  thermal  rate  coef¬ 
ficients  were  obtained  and  reported  (e.  g.  ,  in  Reference  16-56)  in 
the  form: 

Omn(T)  =  AT'l/Zt  B+CT1/2+  dt  ,  (16-17) 
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where  the  constants  A  ,  B  ,  C,  and  D  were  derived  from  a  least- 
squares  fit  to  the  measurements,  and  T  is  in  K.  At  energies  near 
300K,  only  the  first  two  terms  are  significant. 

Measurements  by  the  same  group  (Reference  16-61)  on  Na+  +  O" 
yielded  reaction  rates  similar  to  chose  of  0+  +  O",  in  contradiction 
to  the  much  larger  values  reported  by  Weiner,  Peatman,  and  Berry 
(Reference  16-62).  On  the  other  hand,  their  results  on  the  systems 
H"*"  +  H~  ,  He^  3-  H~  ,  and  He^  +  D"  (Reference  J6-57)  agreed  well 
with  'lose  of  Harrison  et  al  (References  16-63,  16-64),  who  used 
colliding  beams  inclined  at  20°,  over  an  energy  range  from  125 
to  10,  000  eV. 

A  multistate  Landau-Zener  method  has  been  used  for  the  calcula¬ 
tion  of  neutralization  cross-sections  between  atomic  ions  (Reference 
16-57).  The  agreement  with  experimental  data  is  usually  within  a 
factor  of  two.  Values  for  G^.j,  (300  K)  were  also  calculated,  and 
exceeded  1  x  10"^  cm^/sec  in  every  case.  Calculations  of  this  type 
provide  information  concerning  the  final  neutral  states  of  the  pro¬ 
ducts  of  the  reaction,  which  can  assist  in  the  interpretation  of  iono¬ 
spheric  phenomena  (Refereno  16-58).  It  is  not  clear  whether 
these  calculations  can  be  exten  led  to  include  molecular  systems. 

16.3.3.2  OTHER  TWO- BODY 
PROCESSES 

Other  processes,  such  as  neutralization  with  rearrangement  of 
the  atoms  in  the  molecules,  may  well  offer  (Reference  16-65)  re- 
comhination  coefficients  orders  of  magnitude  smaller  than  for  the 
mutual  neutralization  process;  these  are  omitted  from  consideration 
here. 

16.3.4  Ion-Ion  Re  combi  notion  — 

Three -Body  Processes 

16.  3.  4.  1  THOMSON  RECOMBINATION 

For  the  case  of  neutral- molecule- stabilized,  positive- ion- nega¬ 
tive-  ion  recomhination,  there  exist  measurements  of  recombination 
rates  for  "air1' ions,  whose  identity,  however,  has  not  been  established. 
Gardner  (Reference  16-66)  and  Sayers  (Reference  16-67)  have  mea¬ 
sured  the  coefficients  of  Thomson  recombination,  1< ^ n ,  in  pure  oxygen 
and  in  air,  respectively,  over  the  pressure  range  0.  1  to  1  atmo¬ 
sphere  at  S3  300  K  and  verified  the  linear  dependence  of  k  on  reu  v*i 
gas  density  predicted  by  Thomson's  theory  (Reference  16-661, 
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3  _  2  5  L 

A  value  3x10  cnr/sec  was  obtained.  Thus  at  pressures 

in  excess  of  10  torr,  Thomson  recombin'1  tion  should  outweigh  two- 
body  mutual  neutralization. 

Similar  results  were  obtained  by  McGov^an  {Reference  16-69)  in 
oxygen-nitrogen  mixtures;  however,  this  was  without  benefit  of 
mass  identification.  Mahan  and  Person  (Reference  16-52),  using  the 
method  described  earlier,  have  carried  out  a  systematic  study  of 
three-body  ionic  recombination  which  is  thought  to  involve  the  fol¬ 
lowing  ionic  reactions: 

+ 

NO  +  NO^  "*■  M  -  neutrals, 

NO  +  SF.  +  M  -*  neutrals, 
b 

and : 

+  SF^  +  M  -neutrals,  (16-20) 

where  the  third-body  M  includes  He,  Ne,  Ar,  Kr,  Xe,  H2,  Dj*  and 
N^.  Of  greatest  interest  is  the  system,  NO+  +  N02  +  N2,  where  a 
rate  constant  k^n=«2  x  10“^  cni6/sec  was  obtained  at  300K.  The 
variation  of  k  with  choice  of  M  lay  between  k  =  4  x  10'^  for  Ke 
and  k  =  3  x  lO**'*’  for  Xe. 


(16-18) 

(16-19) 


There  are  no  experimental  measurements  of  the  temperature  de¬ 
pendence  of  Thomson  recombination;  however,  Thomson's  (Refer¬ 
ence  16-68)  and  Natason's  (Reference  16-70)  treatments  lead  to  a 
predicted  Tj"  7  variation.  Thus,  for  atmospheric  ions  it  may  be 
estimated  that: 


lei 


on 


1  n 


-(25±0.  5) 


1  t.  /xnm 

\  -  l 1  t 


t  1  L  ->  1  \ 

y*  KJ-  L*  K  t 


16.3,4.2  OTHER  THREE-BODY 
PROCESSES 

Fueno  et  al  (Reference  16-71)  considered  a  two-step  ion  re¬ 
combination  process,  i.  e.  : 

x"*  +  N  i  (XN)+  ,  (16-22) 

follov'ed  by : 
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(XN)+  +  Y':XY+N,  (16-23) 

the  rate  constant  of  which  was  calculated  to  be  k  «  1  x  10'^  cm^/sec 
at  300  K,  and  therefore  should  be  of  lesser  importance  than  Thomson 
recombination. 

Finally,  the  associative  ion-ion  recombination  process,  that  is: 

X+  +  Y“  +  N  -  XY  +  N  ,  (16-24) 

appears  (Reference  16-65)  to  offer  a  much  smaller  coefficient,  k  as 
10*27  cm6/sec  at  300  K,  than  Thomson  recombination;  this  mechanism 
is  neglected  in  the  present  discussion,  since  its  importance  seems 
highly  questionable, 

16.4  SUMMARY 

Values  for  the  appropriate  recombination  coefficients  for  all  pro¬ 
cesses  where  there  is  either  sufficient  experimental  and/or  theore¬ 
tical  information,  or  where  there  is  a  critical  need  for  an  estimate, 
are  contained  in  Table  16-1,  In  general,  those  values  with  larger 
quoted  uncertainties  reveal  a  greater  degree  of  guesswork  which  has 
taken  place  in  attempting  to  evaluate  the  kinetics  of  the  process. 
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17.  ELECTRON  ATTACHMENT  AND 
DETACHMENT  PROCESSES* 

A.V.  Phelps,  Joint  Institute  for  Laboratory  Astrophysics 
(Latest  Revision  6  July  1971) 


17.1  INTRODUCTION 

The  purpose  of  this  chapter  is  to  review  the  available  data  regarding 
the  rates  of  electron  attachment  and  detachment  processes  involving 
atmospheric  gases.  The  various  types  of  attachment-detachment 
processes  are  considered  and  the  recommended  values  for  the  rate 
coefficients  are  listed.  Next  an  attempt  is  made  to  estimate  the  sta¬ 
bility  of  the  various  negative  ions  of  ionospheric  interest.  Finally, 
the  ionospheric  significance  of  these  processes  is  discussed  briefly. 
The  suggested  rate  coefficients  are  tabulated  in  Tables  17-1  through 
17-6. 


17.2  TYPES  OF  ATTACHMENT-DETACHMENT 
PROCESSES 

Electron  attachment  and  detachment  processes  of  significance  in 
the  normal  and  disturbed  atmosphere  are:  radiative  attachment  anti 
its  inverse,  photodetachment;  dissociative  attachment  and  its  inv  rse, 
associative  detachment;  and  three-body  attachment,  with  a  ground  - 
state  molecule  or  an  electron  ?.s  the  third  body,  and  its  inverse,  col- 
lisional  detachment. 

17.2.1  Phatadetachment  and  Radiative  Attachment; 

e  +  x:x‘  +  hv 

Radiative  detachment  and  attachment  rates  involving  negative  ions 
of  atmospheric  gasuf-  have  been  determined  from  measurements  of 
the  cross-sections  for  the  photodetachment  of  electrons  from  nega¬ 
tive  ions.  Measurements  (References  i7-l  through  17-6)  of  photo¬ 
detachment  cross  sections  of  possible  Interest  (References  17-7 


■'i'Based  on  work  done  at  the  V/estingliouse  Research  Laboratories,  and 
supported  in  part  by  the  U.  S.  Army'  Research  Office — Durham. 
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through  17-9)  include  O  ,  H  ,  OH  ,  O^,  H^O^,  NO  ,  O3,  NOy  and 
NO^  .  Other  ions  of  possible  atmospheric  interest  (References  1  7-  1 , 
17-7  through  17-9)  which  have  not  been  si  ifiinl  are  CO3  .  CO^  ,  HO-,  , 
and  the  hydrates  of  the  ions  listed.  Mass  -  spt  ctr ometr ic  studies 
(Reference  17-10)  in  the  atmosphere  have  shown  the  presence  of 
negative  ions  such  as  O  ,  0£  ,  NOj'tH^O)^  ,  and  CO^  .  The 
simpler  ions  are  observed  at  higher  altitudes  and  during  periods 
of  ionospheric  disturbance. 

The  measured  photodetachment  c^cus-sections  for  O"  and  O^  as 
a  function  of  wavelength  have  been  ntegrat  jd  (Reference  17-1)  over 
the  incident  solar  flux  to  give  daytime  photodetachment  cross- 
sections.  Also,  measurements  of  photodetachment  rates  under  white 
light  illumination  have  been  made  (Reference  17-5)  for  formed 
by  the  three-body  attachment  process  and  for  O3  .  Photodetachment 
cross-sections  have  been  measured  (References  17-1,  17-6)  for  NO^, 
NC>3t  and  NO  .  The  angular  dependence  of  the  photodetachment  cross- 
sections  for  O  and  H  has  been  shown  to  agree  with  theory  (Refer¬ 
ence  17-1  1 ). 

Theoretical  calculations  (Reference  17-12)  of  photodetachment 
rates  for  complex  systems  are  not  available  because  of  uncertainties 
as  to  the  range  of  energies  over  which  threshold  laws  are  valid  and 
because  of  the  difficulties  of  accurate  calculations.  Attempts  (Refer¬ 
ence  17-13)  have  been  made  to  relate  elastic  scattering  cross- 
sections  and  photodetachment  cross-sections. 

Radiative  attachment  is  expected  to  be  of  significance  only  when 
an  electronegative  neutral  species  is  present  in  appreciable  concen¬ 
trations,  e.g.,  atomic  oxygen.  The  rate  coefficient  (Reference  1  7- 1) 
for  radiative  attachment  to  O  is  (1.3  *  0,  1)  x  10'^cm^/scc  for 
electron  energies  below  1  eV.  Because  of  differences  between  the 
apparent  electron  affinity  derived  from  photodetachment  e.xperitr ents 
(References  17-1.  17-2)  using  theoretical  "threshold  laws"  and  from 
attachment-detachment  equilibrium  experiments  (Reference  17-1*1), 
there  is  considerable  uncertainty  as  to  the  radiative  attachment  co¬ 
efficient  for  O^j  .  It  is  probably  (References  17-1,  17-14)  less  than 
2  x  10"^  cm^/sec  for  electrons  at  230  K.  Photodetachment  mea¬ 
surements  ( Reference  17-4)  have  been  made  for  OH  ,  but  because  of 
the  effects  of  rotational  structure  on  the  cross-section  it  has  not  uecn 
possible  to  calculate  the  radiative  attachment  rate  coefficient  for  low- 
energy  electrons  to  OH  .  Radiative  attachment  coefficients  for  O^ 
and  NO  are  unknown.  The  other  major  components  of  the  atmosphere, 
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i.  e.  ,  CC>2»  Ar,  and  H^O,  do  not  form  stable  negative  ions  by  the 

attachment  of  low-energy  electrons.  Recommended  photodetachment 
and  radiative  detachment  rate  coefficients  are  given  in  Tables  17-1 
and  17-2. 


Table  17-1.  Radiative  attachment. 


Table  17-2.  Phatadetachment  ,a 


Reaction 

- - - - - - -  - 

Destruction  Frequency 

(sec-! ) 

Reference 

1 .  hp  +  0  -  Q  +  e 

1 .4 

17-2 

2.  hp  +  Oj  -*  Oj  +  e 

0.3*0. 1 

17-2,17-5 

o.  hp  +  03  -*  +  e 

0.2  ±0.1 

L 

17—44 

4.  hp+ NO2  -  NC>2  +  e 

17-1,17-55 

5.  bp+OH  -OH-t-e 

~1b 

17-4 

6.  hp+  CO3  -  CO  +  O2  +  e 

unknown 

7.  hp  +  NO^  -  ?  +  e 

unknown 

Nates: 

°  Values  given  (Reference  17-1)  are  integrated  cross-sectians  far  salar  radia¬ 
tion  without  corrections  far  otmospheric  obsarption,  back-scattering,  etc. 

k  The  available  photodetachment  cra;s  section  data  do  not  appear  to  have 
been  folded  inta  the  soiar  flux  distribution  .The  values  quoted  are  very  rough 
estimates  based  on  the  cross-sections  and  pha'on  energy  dependences  given 
in  the  references  cited. 
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17.2.2  Dissociative  Attachment  and  Associative 
Detachment:  e  +  XY  Z  X"  +  Y 

The  process  of  dissociative  attachment  has  been  studied  extensively 
in  atmospheric  gases  for  many  years.  Energy-dependent  cross- 
sections  are  available  (Reference  17-15)  for  dissociative  attachment 
by  electron  impact  for  O 2,  NO,  H2>  CO^and  H^O  at  room  tempera¬ 
ture.  In  each  case  the  electron  energy  must  exceed  some  threshold 
value  in  order  for  attachment  to  occur.  Past  attempts  to  predict  the 
temperature  dependence  of  the  dissociative  attachment  reaction  have 
used  the  room-temperature  determination  of  the  threshold  as  the  ac¬ 
tivation  energy.  However,  recent  measurements  for  (Reference 
17-16)  and  for  N2O  (Preference  17-17)  have  shown  that  the  attach¬ 
ment  cross-section  at  low  electron  energies  increases  rapidly  with 
temperature.  Theory  is  now  capable  of  describing  the  dependence 
of  dissociative  attachment  cross-sections  on  temperature  in  the  case 
of  O2  (Reference  17-18).  In  the  lower  ionosphere  it  appears  that 
the  only  dissociative  attachment  process  of  probable  significance  is 
the  attachment  of  low  energy  electrons  to  O3  .  Recent  measurements 
(Reference  17-19)  yield  rate  coefficients  varying  from  5  x  10'^cm  V 
sec  at  200  K  to  9  x  10“^  crn^/sec  at  300  K.  In  this  case  the  negative 
ion  formed  is  expected  to  be  O  (Reference  17-20). 

The  process  of  associative  detachment  was  predicted  theoretically 
(Reference  17-21)  many  years  ago  as  the  logical  inverse  of  dissocia¬ 
tive  attachment.  However,  experimental  studies  of  this  process  have 
beer,  reported  (References  17-7,  17-2.?,  17-2.3)  only  recently.  In 
many  cases  the  observed  rate  coefficients  are  a  large  fraction  of  the  ion¬ 
scattering  cross-  sectiondue  to  the  inducedpolarization  interactionbetween 
the  negative  ionand  the  neutral  atom  or  molecule  (References  17-7.  17-2.1 
through  17-24),  i.e.,  (2  -  10)  x  10“  ^  cm^/sec.  Associative  detach¬ 
ment  reactions  involving  atomic  oxygen  (Reference  17-22)  are  of 
particular  importance  in  the  ionosphere  (References  17-7  through 
17-9).  There  is  not  much  information  available  as  to  the  tempera¬ 
ture  dependence  of  the  rate  coefficient  for  associative  detachment. 

In  many  cases,  the  associative  detachment  rate  coefficient  is  essen¬ 
tially  independent  of  ionenergy  (Reference  17-23),  e.  g.,  for  O”  +  CO 
and  O*  +  H2  at  ion  energies  below  0.  15eV.  However,  for  O*  +•  NO 
the  rate  coefficient  decreases  (Reference  17-23)  by  approximately  an 
order  of  magnitude  as  the  average  ion  energy  increases  from  0.  04  to 
0.26  eV.  In  the  case  of  the  detachment  of  electrons  in  collisions  of 
energetic  O"  ions  with  O2.  it  appears  that  associative  detachment  is 
less  important  than  collisional  detachment  (Reference  17-25)  and 
conversion  to  (References  17-5,  17-23,  17-26),  Associative 
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detachment  in  collisions  of  thermal  O'  ions  with  N£  has  not  been 
observed  (Reference  17-27)  although  energetic  O”  ions  appear  (Ref¬ 
erence  17-25)  to  undergo  detachment  collisions  with  N£  .  The  neu¬ 
tral  molecule  formed  by  associative  detachment  is  usually  in  a  highly 
excited  state  (Reference  17-24)  so  that  the  detailed-balance  rela¬ 
tions  are  not  expected  to  be  useful  for  relating  the  associative 
detachment  and  dissociative  attachment  coefficients.  Recommended 
dissociative  attachment  and  associative  detachment  rate  coefficients 
are  given  in  Tables  17-3  and  17-4. 


Table  17-3.  Dissaciative  attachment.* 


r 

Reaction 

Rate  Coefficient 

(cmVsec) 

Reference 

1 .  e  +  O3  -•  O  +  O2 

9  x  10~12  (T/300)3/2 
(200  <T  <300K) 

17-19 

2.  e  +  C>2  -*  O  +0 

<10~16  (T  <2000K) 

17-16 

3.  e  +  H20  -  H"  +  OH 

very  small 

17-15 

*Na  temperature-dependent  rate  coefficients  are  given  for  O2  and 
since  the  values  will  be  critically  dependent  upon  cross-section  at  energies 
below  !  eV  end  nc  experimental  data  are  available  for  that  region. 

Table  17-4, 

Associative  detachment. 

Reaction 

Rate  Coefficient 
(cm3/sec) 

Reference 

1 .  O"  +  O  -  O2  +  e 

2  x  10"10 

17-22,17-36 

2.0+  02(1Ag)  -  O3  +e 

~3  x  lO"’0 

17-36 

3.  O"  4  N  -*  NO  +  e 

2.2  x  10~10 

17-7, '7-36 

4.  0  +  H2  -•  H^O  +  e 

7.5  x  10“10 

17-22, 17-23 

5.  O"  +  NO  -  N02  +  e 

3  x  10“10(Tioo/300)-1 
(300<Tiar<200uK) 

17-22, 17-23 

6.  O"  +  N2  -  N2Q  +  e 

<1  x  i0-l2(Ticn-300K) 

<4  x  10“9exo{-26, 000/T.  ) 
(400CkTIon<20,000K)  IOn 

17-22 

17-25 

17-5 
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Table  17-4.  (Cont'd.) 


Reaction 


Rate  Coefficient 
(cm^/sec) 


Reference 


7.0+  O2  -*  O3  +  e 


8.  O2  +  O  -*  +  e 


<5  x  10",5(300<T;  ^<10,000 

<2.3  x  10-^exp(-26)000/T.  ) 
r  '  ion' 


(4000 <T  j  on  <20, 000  K.) 


3x  10 


-10 


?.  COg  +  O  -*  O-5  +  CO2  +  e  slow 


10.  O2  +  N  -  N02  +  e 

1  1  .  Og  +  O  “•  2  O2  +  e 


-10 


5x10 


unknown 


K)  17-23 
17-25 

17-22,17-36 

17-7 

17-22 


17.2.3  Three-Body  Attachment  and  Collisional  Detachment 
with  a  Neutral  Third  Body:  e  +  X  +  M  £  X"  +  M 

An  apparent  three-  body  attachment  process  has  beenfound  (Refer¬ 
ences  17-14,  17-28  through  17-34)  to  be  important  in  O2  .  NO, 

N2O  ,  and  NO2  ,  and  in  mixtures  (References  17-14,  17-28,  17-33, 
17-34)  of  these  gases  with  other  gases.  The  rate  coefficients  for 
three-body  attachment  processes  in  02  and  NO  are  found  (Refer¬ 
ences  17-28,  17-30,  17-31)  tobea  maximum  at  electron  energies  of 
about  0.  1  eV.  In  general  it  has  not  been  possible  to  distinguish  be¬ 
tween  a  three-body  process  involving  an  intermediate  excited  nega¬ 
tive  ion  which  is  stabilized  by  collision  (Bloch-Bradbury  model)  and 
an  apparent  three-body  process  involving  the  dissociative  attach¬ 
ment  of  an  electron  in  a  collision  with  a  temporary  neutral  complex 
composed  of  two  molecules.  A  theoretical  study  (Reference  17-351 
of  the  Bloch- Bradhury  model  for  electron  attachment  in  C>2  predicts 
a  three-body  attachment  coefficient  approximately  equal  to  the  observed 
value.  Because  of  unce  ‘tainties  as  to  the  proper  model,  as  well 
as  questions  of  excited  states,  the  dependence  of  the  apparent  three- 
body  attachment  coefficient  on  electron  energy  cannot  be  assumed  to 
be  the  same  as  the  temperature  dependence  of  the  rate  coefficient. 

The  available  experimental  data  are  shown  in  Table  17-5.  In  view 
of  the.  large  rate  coefficients  for  associative  detachment  in  the  pre¬ 
sence  of  atomic  nitrogen  or  oxygen  dis cus sed  above  there  is  no  need 
to  guess  at  the  effectiveness  of  N  or  O  adorns  as  third  bodies  in  the 
attachment  process.  As  pointed  out  in  a  review  (Reference  17- u9), 
measurements  of  the  room-temperature  attachment  coefficient 
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Table  17-5.  Three  -body  attachment. _ 

Reference 

17-14,17-29 

17-14,17-29 

17-14,17-29 
17-14 

17-30 

17-56,17-57 
17-14 

3 

In  cm  /sec  units  since  observed  to  be  a  saturated  three-body  process. 


Read  ion 


Rate  Coefficient 
(ctn^/sec) 


1 .  e  +  Oj  +  02  -  C>2  +  C2 


2.  e  +  O2  t  N2  —  O2  +  N* 


(1 .4  ±  0.2) x  1CT29 
x  (300A)exp(-600/T) 
(195  <T  <600  K) 

(1  ±  0.5) x  10~31 


3.  e  +02  +  C02  -  02  +  C02  (3.3  ±0.7)  x  10 

t  (300  <T  <  525  K) 

I 

4®  e  +02  +  H20  -  02  +  H20  (i  .4±  0  .2)  x  10 

j  (300 < T <400K) 

5°  e  +  NO  +  NO  -  NO"  +  NO  8  x  10~31 


-?0 


-29 


I 

6?  e  +  N02  +  N2  -  N02  +  N2  4  x  10' 


•ir 


7.  e  +  2C02  -  X“+  ? 


<2  x  1  rr36  (T  =  300  K) 


Products  uncertain. 


for  thermal  electrons  in  and  in  air  at  pressures  below  100 
torr  which  differ  significantly  frorr  the  presently  accepted  values  of 
Z  x  10*^0  an(j  1  x  jq-31  cnA sec,  respectively,  should  be.  regarded 
as  highly  suspect.  At  sufficiently  high  pressures  of  or  dry  air, 
the  apparent  attachment  rate  coefficien-  is  lowered  because  attach¬ 
ment  occurs  before  the  electrons  thermalize  (Reference  17-34). 

The  irverse  of  the  three  -  body  attachment  process  is  the  collisional 
detachment  process  in  which  a  negative  ion  collides  with  an  atom 
or  molecule  and  an  electron  is  released.  In  the  case  of  ground-state 
molecules  this  process  has  an  activation  energy  in  the  center,  of-mass 
coordinates  equal  to  or  greater  than  the  electron  affinity  of  che  nega¬ 
tive  ion.  This  is  observed  (Reference  17-14)  to  be  the  case  for  02 
ions  in  02  at  temperatures  between  375  and  580  K.  There  is  now 
evidence  'Reference  1. 7-30}  for  collisional  detachment  in  NO  but 
there  are  questions  (Reference  17-31)  as  to  the  identity  of  the  ions 
present  in  some  experiments.  We  have  recommended  attachment, 
coefficients  obtained  in  experiments  which  lake  into  account  that  the 
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collisicnal  detachment  rate  coefficients  are  much  larger  than  for  C^. 
Collisionai  detachment  has  been  observed  (Reference  17-25)  as  the  re¬ 
sult  of  collisions  of  energetic  O'  ions  with  O^,  and  F^O.  Collisionai 

detachment  caused  by  excited  molecules  has  been  observed  (Refer¬ 
ence  17-36)  to  )ccur  with  a  large  rate  coefficient  in  the  case  of 
O^Ag)  +  O”  .  Recommended  collisionai  detachment  rate  coef¬ 
ficients  are  given  in  Table  17-6. 


Table  \7~6.  Collisionoi  detachment. 


Reaction 

Rate  Coefficient 

(cm'Vsec) 

Reference 

1  .  02  +  ©2  -*  O2  +  O2  i  6 

(2.7  ±  0.3)  xl0‘10 
x  (T/300)l/2  exp(-5590/T) 

(375  <T  <600K) 

17-14 

2.  ©2  +  N2  -*  Nj  +  O2  +  e 

(1 .9  i0,4)x  10‘12 
x  (T/300)3/2  exp(-4990/T) 

(375  <T  <600K) 

17-14 

3.  0~  +  C>2  0  +  C>2  +  e 

2.3  x  l0-9exp(-26, 000/T.  ) 
(T-  <  20000  K) 

17-25 

4.  O”  +  Nj  -  G  *  N2  +  e 

2.3  x  l0‘9exp(-26,000Aion) 
(T.  <  20000  K) 

assumed 
(see  17-25) 

5.  O2  +  C>2(  Ag)  2  O2  +  e 

2  x  10'10 

i/-36 

17.2.4  Three-Body  Attachment  and  Detachment  with  an 
Electron  as  the  Third  Body:  e+e  +  XiT  e+X 

The  only  experimental  data  concerning  the  role  ox  an  electron  as 
an  agent  for  the  attachment  and  detachment  reactions  are  the  mea¬ 
surements  (Reference  17-37)  of  the  cross-sections  for  the  collisionai 
detachment  of  electrons  from  H“  and  O'  by  electrons  at  electron 
energies  between  9  and  500  eV.  As  a  result  one  is  forced  to  rely  on 
theory  for  estimates  of  rate  coefficients  for  low-energy  electrons. 
Although  more  recent  theory  (Reference  17-38)  yields  considerably 
larger  valuee  for  low-energy  electrons  than  previous  theories,  it  is 
unlikely  that  these  processes  will  have  a  significant  effect  on  the 
negative- ion  density  in  the  earth's  atmosphere. 
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17.3  STABILITY  OF  NEGATIVE  IONS 

Table  17-  7  contains  a  list  of  negative  ions  of  interest  in  approxi¬ 
mate  order  of  increasing  stability,  i,  e,  ,  electron  affinity.  The  values 
are  based  on  a  variety  of  experiments  and  theory  {References 
17-39  through  17-61),  It  may  be  noted  that  N£,  H^,  and  H^O  are  not 
stabie,  i.  e.  ,  if  they  are  formed  they  have  a  very  short  lifetime  (Refer¬ 
ence  17-39).  The  CC>2  ion  has  been  produced  in  negative  ion-mole¬ 
cule  reactions  (Reference  17-59),  but  consistency  with  electron- 
beam  excitation  experiments  and  molecular  structure  theory  (Refer¬ 
ence  17-60)  seems  to  require  that  the  CO^  ions  be  in  a  metastable 
state  with  a  negative  adiabatic  electron  affinity. 


Many  of  the  values  cited  in  Table  17-7  are  subject  to  significant 
uncertainties  because  of  the  preliminary  nature  of  the  data  and  be¬ 
cause  of  incomplete  analysis  of  the  equilibrium- constant  data.  The 
analysis  of  equilibrium- constant  data  in  terms  of  dissociation  ener¬ 
gies  is  made  difficult  by  apparent  differences  in  the  internal  structure 
of  the  complex  negative  ions.  Thus,  the  data  for  C04  have  been  inter¬ 
preted  (Reference  i7-14)  as  showing  that  there  is  a  large  freedom 
of  internal  motion  whereas  the  data  for  O4  appear  to  indicate  a 
rather  rigid  structure  (Reference  17-45).  A  further  complication  is 
the  apparent  existence  of  at  least  two  forms  of  NO^.  Presumably  a«. 
least  one  of  these  forms  is  in  an  excited  metastable  electronic  state 
with  a  rather  different  molecular  structure  than  that  of  the  lower 
energy  state.  At  present  the  ouly  information  available  regarding 
these  states  is  the  differences  in  their  reactivity  (References  17-43, 
17-54)  with,  for  example,  NO  and  C02«  Some  simplifications  in  the 
classification  of  negative-ion  complexes  have  been  pointed  out  (Refer¬ 
ence  17-43);  it  appears  that  complexes  formed  from  in  the  order 
of  increasing  stability  are:  (02*02),  (02  ’^O),  (C^'CC^),  and 
(C^’NO).  Similarly  for  O  ,  the  order  of  stability  of  known  ions  is 

/ti  -  f  r  ««  i  *■»  a  'i  \  .  /n"*  .m  \  f  a'.a  \  /r\".  \  t  - j 

\  ivr.ici  culc  \  \  ^  \  a-uu 

(O  ’NC^).  There  are  not  sufficient  data  available  to  say  whether 
similar  series  exist  for  other  negative  ions  such  as  NO”  and  OH-. 

The  relative  concentrations  of  *he  various  ions  in  the  atmosphere  will 
depend  upon  competing  detachment  reactions  as  well  as  on  the  con¬ 
centrations  of  the  minor  neutral  constituents.  Furthermore  these 
ions  can  form  hydrates  and  so  effectively  become  more  stable.  An 
important  area  of  future  investigation  is  the  study  of  the  reactivity 
of  the  larger  and  more  stable  negative -ion  hydrates  with  species  such 
as  O,  O^,  and  NO^  (Reference  17-67). 
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17.4  IONOSPHERIC  SIGNIFICANCE 

It  is  convenient  to  divide  a  discussion  (References  17-1,  17-8, 

17-9,  17-29)  of  the  dominant  attachment  and  detachment  reactions 
in  the  earth's  atmosphere  into  three  categories:  (1)  the  initial  attach¬ 
ment  of  the  free  electrons  to  neutral  species  to  form  negative  ions; 

(2)  the  ion-molecule  reactions  which  convert  the  initial  negative  ions 
into  more  stable  species;  and  (3)  the  detachment  process. 

The  important  attachment  processes  in  undisturbed,  dry  air  are: 

e  +  2  0£  ~*  +  C>2  » 

and: 

e  +  O  -*  O"  +  hi/  . 

The  relative  importance  of  these  processes  varies  with  altitude  and 
time  because  of  the  varying  concentrations  of  O  and  .  When  the 
moisture  content  is  high  or  when  the  gas  temperature  is  high  and  the 
air  composition  is  altered,  other  processes  may  be  important,  e.g., 
e  +  C>2  +  -*  C>2  +  H2O  in  moist  air.  At  present  it  appears  that 

the  reaction; 

e  +  -*  O  +  C>2  < 

can  be  important  only  under  highly  disturbed  conditions. 

The  negative-ion- molecule  reactions  of  importance  in  the  atmo¬ 
sphere  ar  e  discussed  in  Chapter  18A  so  that  it  need  merely  be  noted  that 
the  initial  C>2  and  O'  ions  can  react  (References  17-7  through  17-9, 
17-22,  17-36,  17-43,  17-54)  with  minor  constituents  of  the  noi  mal 
atmosphere,  i.  e. ,  ,  CO^,  and  NO  ,  to  form  ions  such  as  , 

COi  ,  NO,  ,  and  NO*  .  The  relative  concentrations  of  the  various 
ions  will  depend  upon  competing  detachment  reactions  as  well  as  on 
the  ion  conversion  processes.  Furthermore  these  ions  can  form 
hydrates  and  so  effectively  become  more  stable. 

Associative  detachment  reactions  have  been  shown  (References 
17-7  through  17-9)  to  play  an  important  role  in  determining  the  con¬ 
centrations  of  free  electrons  and  negative  ions.  Ionospheric  model 
studies  (References  17-8,  17-9)  have  not  been  able  to  identify 
the  detachment  reactions  controlling  the  changes  in  electron 
density  wnich  occur  at  sunrise  and  sunset.  It  ueems  certain 
that  U“  and  are  not  the  dominant  negative  ic  i>;.  The  identity  of 
the.  dominant  ions  as  determined  by  rocket-borne  mass  spectrometers 
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varies  with  altitude  and  with  the  degree  of  ionospheric  disturbance. 
The  negative  ions  observed  (Reference  17-10)  include  O",  07,  NO^, 
and  NOj-  (HzO)n. 
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18.  ION-NEUTRAL  REACTIONS 
A.  THERMAL  PROCESSES 

El  dan  Ferguson 
Aeranomy  Laboratory 

National  Oceanic  and  Atmospheric  Administration 
Research  Laboratories 
(Latest  Revision  21  November  1971) 


18A.1  INTRODUCTION 

Progress  in  the  field  af  ion-neutral  reactions  has  been  very  rapid 
in  the  few  years  since  the  first  edition  of  the  Reaction  Rate  Handbook 
was  prepared.  The  number  of  atmospherically  relevant  rate  con¬ 
stants  known  has  multiplied  greatly  and  most  of  those  previously 
known  have  been  improved  so  that  an  almost  complete  rewriting  of 
this  chapter  (prepared  by  Wade  L.  Fite  in  the  first  edition  of  the 
Handbook)  was  called  for.  The  convenient  format  of  Fite  is  retained. 
The  emphasis  of  this  chapter  ir  on  data  tabulation.  The  reac¬ 
tions  reported  are  positive-  and  negative-ion  charge- transfer  (elec¬ 
tron  transfer)  with  neutrals,  ion- atom- inter  change  reactions  (chemi¬ 
cal  rearrangement),  and  three-body  association  reactions.  Asso'ia- 
tive-detachment  reactions  of  negative  ions  are  caver ed  in  Chap r 
17.  The  survey  is  restricted  largely  to  low  (near-thermal)  energies. 

Gome  usefjl  general  references  and  review  articles  are: 

(a)  Sinnott,  C.  A.  ,  Bibliography  of  Ion- Molecule  Reaction  Rate 
Data,  JILA  Information  Center  Report  No.  9,  University  of 
Colorado,  Boulder,  Colorado  ( 1969). 

(b)  McDaniel,  E.  W.  ,  V.  Cermak,  A.  Dalgarno,  E.  E.  Ferguson, 
and  L.  Friedman,  Ion- Molecule  Reactions,  John  Wiley,  New 
York  (1970). 

(c)  Hochstim,  A.  R.  ,  Ed.,  Bibliography  of  Chemical  Kinetics 
and  Collision  Processes,  Plenum  Press,  New  York  (1969). 

(d)  Franklin,  J.  L.  ,  Jf.  C.  Dillard,  H.  M.  Rosenstock,  T.  J.  Her¬ 
ron,  K.  Draxl,  and  F.  H.  Fiel  Ionisation  Potentials,  Appear  - 
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ance  Potentials-,  and  Heats  of  Pormati  on  of  Gaseous  ions,  NSRDS- 
NBS26,  U.  S.  Gov't.  Printing  Office,  Washington  ( 1969). 

(e)  Schiff,  H.  I,  ,  Ed.,  Proceedings  of  The  Symposium  on  Labora¬ 
tory  Measurements  of  Aeronomic  Interest,  Can.  J.  Chem. 
47,  No.  10(1969). 

(f)  Ferguson,  E.  E.  ,  Ann.  Geophys.  25,  819  (1969). 

(g)  Ferguson,  E,  E.  ,  Ann.  Geophys.  26,  589  (1970). 

(h)  Franklin,  J.  L.  ,  Ed.  ,  Ion- Molecule  Reactions,  Plenum  Press, 
New  York,  to  be  puhlished  (1972). 

(i)  Ferguson,  E.  E.  ,  Accts.  Chem.  Res.  3,  402  (1970). 

(j)  Ferguson,  E.  E.  ,  Laboratory  Measurements  of  D-Region 

Ion- Molecule  Reactions,  ESRIN- ESLAB  Symposium  on 
"Upper  Atmospheric  Models  and  Related  Experiments", 
Frascati,  Italy,  July  1970,  to  be  published  in  Conference 
Proceedings. 

(k)  Bibliography  of  Atomic  and  Molecular  Processes,  compiled 
by  Atomic  and  Molecular  Processes  Information  Center, 

Oak  Ridge  National  Laboratory,  on  a  continuing  basis. 

ISA. 2  TECHNIQUES 

The  experimental  t.  hniques  .it  use  are  described  in  detail  in 
Chapter  7,  in  reference  iter:  (b)  above,  and  elsewhere.  Only  brief 
reference  is  made  here  to  recent  advances  which  have  led  to  new 
reaction- rate  data. 


18A.2.1  Stationary  Afterglows 

The  use  of  stationary  afterglows  for  ion-neutral  reaction  studies 
is  described  in  Chapter  7.  Important  studies  (Reference  18A-1)  in 
the  complex  nitric  oxide  system  have  been  carried  out  with  and  with¬ 
out  added  water  vapor,  looking  at  both  positive-  and  negative-ion 
processes.  Other  work (Rftfe.  ences  18A-2,  1 8 A- 3)  has  concentrated 
on  th~  ionospheric  reactions,  varying  the  gas  temperature  from 
185  to  576  K  in  some  cases. 
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18A.2.2  Flowing  Afterglow 

The  flowing-afterglow  technique,  a  versatile  method  for  ion-neutral 
reaction  studies  in  the  sense  of  being  applicable  to  a  wide  range  of 
ion  and  neutral  reactants,  has  been  extended  to  cover  the  tempera¬ 
ture  range  80-600  K  for  some  reactions  (References  18A-4,  18A-5). 

It  has  been  applied  to  metal- Ion  reactions  (Reference  18A-6)and  to 
three-body  ion  reactions  (References  18A-7  through  18A-9).  The 
method  has  been  applied  to  measurements  of  atrr^ospheric- ion  charge- 
transfer  with  sodium  (Reference  1 8 A  -  1 0)  and  ion  reactions  with  water 
(References  1 8  A  -  1 1 ,  18A-12).  The  NOAA  system  discussed  in 

Chapter  7  has  been  extended  to  study  O  and  reactions  with 
electronically  excited  a  *  Ag)  (Refer ence  18  A- 1  3),  and  to  study  pro¬ 

duct  states  formed  by  an  ion-neutral  reaction  spectroscopically  in 
the  charge  transfer  of  He+  with  (Reference  18A-14). 

I8A.2.3  Secondory  Ions  in  Moss  Spectrometers 

The  mass-spectrometer  ion-source  technique,  long  the  standard 
tool  for  radiation  chemistry,  has  made  important  contributions  to 
ionospheric  reaction- rate  data.  The  photoionization  source  method 
of  Warneck  (References  18A-15,  18A-16)  has  allowed  the  measure¬ 
ment  of  a  large  number  of  ionospheric  reactions,  generally  corrobo¬ 
rating  earlier  afterglow  results.  The  isotope  studies  of  Paulson 
(Reference  18A-17)  have  allowed  some  mechanisms  of  ionospheric 
reactions  to  be  determined,  In  addition  Paulson  has  obtained  data 
on  the  energy  dependence  of  certain  reactions,  and  has  also  extended 
the  mass  spectrometer  to  the  study  of  ionospheric  negative  ions  (Refer¬ 
ence  18A-18).  Kebarle  (References  18A-19,  18A-20)  has  made 
important  measurements  of  two-  and  three  -  body  reactions  invol  ving 
water,  which  are  difficult  to  do  otherwise.  Kebarle  and  also 
Conway  have  measured  equilibrium  constants  in  high-pressure  mass- 
spectrometer  ion  sources,  adding  greatly  to  our  knowledge  of  the 
important  ionospheric-ion  chemistry. 

18A.2,4  Crossed-fieam  Experiments 

The  method  of  Turner  and  Rutherford  (cf.  Chapter  7)  cc’t'nues 
to  produce  'arge  amounts  of  valuable  ionospheric  informa.tion  on 
chai  ge- transfer  processes,  both  for  positive  and  negative  ions,  at 
energies  down  to  afew  electron  volts  (Reference  18A-21).  The  rela¬ 
tive  constancy  of  charge-transfe~  rate  constants  from  thermal 
levels  to  several  electron  volts  allows  a  reasonable  exti  apolation 
of  the  low-energy  crossed- beam  data  in  many  cases.  Important 
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data  on  the  reactions  of  excited- state  ions,  which  are  almost  un¬ 
available  by  any  other  technique,  have  also  been  obtained  (Reference 
18A-22).  The  crossed- beam  studies  have  shown  great  versatility 
in  the  kinds  of  reactants  studied. 

18A.2.5  Drift-Tube  Techniques 

A  very  promising  new  development  is  the  use  of  drift  tubes  to 
study  ionospheric  ion-neutral  reactions  over  a  range  of  energies, 
from  thermal  levels  to  several  electron  volts,  not  otherwise  readily 
accessible.  The  works  of  Biondi  (References  18A-23,  18A-24),  Var¬ 
ney  (Reference  18A-25),  Hasted  (References  18A-26,  18A-27),  Mc¬ 
Daniel  (Reference  18A-28),  and  Kaneko  (Reference  18A-29)  are  es¬ 
pecially  noteworthy. 


18A.3  EXAMPLES  OF  IMPORTANT 
IONOSPHERIC  REACTIONS 

Several  of  the  more  important  ionospheric  reactions  are  discussed 
in  some  detail  in  this  section.  A  variety  of  different  types  of 
reactions  are  discussed  in  order  to  point  out  different  kinds  of  prob¬ 
lems  which  arise.  Reviews  are  available  by  Fite  (Refer ence  18A- 30) 
for  aeronomic  positive-ion  reactions,  and  by  Ferguson  (Reference 
18A-31)  for  aeronomic  negative-ion  reactions. 

18A.3.1  He+  +  N2  -  N+  +  N  +  He 
-  N^  +  He 

This  is  an  example  of  one  of  the  simplest  ionospheric  reactions 
to  be  measured,  involving  an  ion  of  a  stable  neutral  reacting  with  a 
stable  neutral.  Consequently  a  number  of  measurements  in  a  variety 
of  experiments  support  a  value  k  =  (1.2  ±0.3)  x  10  '  cnv'/sec. 

The  rate  constant  .s  insensitive  to  temperature  variation  and  to 
vibrational  excitation  of  the  nitrogen.  The  branching  ratio,  i,  e.  , 
N+/N*  product  ratio,  is  less  certain  than  the  rate- constant  measure¬ 
ment,  since  it  involves  a  knowledge  of  the  sampling  efficiency 
(as  a  function  of  mass)  for  the  mass  spt  trometer,  which  isunneces- 
sary  for  the  rate-constant  measurement  alone  in  certain  techniques. 
The  N*7  ratio  lies  between  one  and  two,  and  depends  on  the  nitro¬ 
gen  vibrational  temperature.  This  reaction  is  near  resonant 
charge  transfer  into  the  N^(  C)  state,  which  then  radiates  the  -second  - 
negative  system  to  give  ground-state  ,  or  prr,dissociates  to 
give  N*  (Reference  18 A-  14).  This  is  one  of  the  few  reactions  for 
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which  the  product  states  are  well  known, 
produced  is  rotationally  excited. 


There  is  evidence  that  the 


13A.3.2  0+  O,  -  Oi  +  0 

2  z 

This  reaction  has  beei.  measured  by  several  workers;  all  results 
are  consistent  with  k  =  2.  0  x  10"  1 1  (T / 30G)'  cmV sec  for  the 

temperature  range  80-600  K  (References  18A-3  through  10A-5). 


18A.3.3  0+  +  N2  -  NO++  N 

This  reaction  has  be  en  stuc’ :  od  in  great  detail,  often  with  conflicting 
results.  The  rate  constant  is  1.2  x  10"^  cm^/sec  at  300  K,  and 
decreases  to  about  5  x  10"^  cm^/sec  at  600  K  (Reference  18A-4). 

The  reaction-rate  constant  is  extremely  sensitive  to  the  nitrogen 
vibrational  temperature,  increasing  sharply  for  Tv-^  >  1200  K  (Refer¬ 
ence  18A-32).  At  higher  energies,  where  the  O'1  kinetic  energy 
exceeds  0.  5  eV,  the  rate  constant  also  increases  sharply.  It  seems 
likely  that  in  the  important  ionospheric  temperature  range  600-2500K 
the  effect  of  nitrogen  vibrational-temperature  increase  will  dominate 
the  effect  of  kinetic-energy  increase.  Kan-.ko  et  al  (Refer¬ 
ence  18A-29)  have  obtained  cross- section  data  for  ionkinetic  energies 
from  thermal  levels  to  about  one  electron  volt,  O'Malley  has  developed 
a  theory  for  this  reaction  which  yields  some  extrapolation  tables 
(Reference  18A-33), 

18A.3.4  N*  +  02  -  +  N2 

Johnsen  et  al  (Reference  18A-24)  find  the  rate  constant  to  be 
about  6  x  10-H  cmV sec  at  300  K  and  to  decrease  regularly  to  about 
10"  !■*  ctr^/sec  at  N-I  kinetic  energy  equal  to  one  electron  volt.  This 
agrees  very  well  with  the  flowing-afterglow  data  (Reference  lrtA-4) 
in  the  region  of  overlap,  300-600  K, 


18A.3.5  SiO+  +  O  -  Si*  +  C>2 

This  reaction  has  been  found  to  have  a  rate  constant  of  approxi¬ 
mately  2  x  10"^  cmVsec  (Reference  18A-34).  A  reaction  such  as 
this  is  rery  difficult  to  measure,  since  the  reactant  ionis  not  readily 
produced,  and  since  the  neutral  reactant  is  unstable.  No  experi¬ 
mental  methods  exist  in  which  the  temperature  dependence  of  rc 
actions  involving  unstable  neutrals  can  be  measured. 
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18 A. 3. 6  Mg+  +  03  -  MgO+  +  C>2 

This  reaction  has  a  rate  constant  equal  to  2.  5  x  10”  ^  cmVsec 
{Reference  ISA-6),  and  represents  a  kind  of  reaction  which  is  dif¬ 
ficult  to  measure  because  of  problems  in  handling  both  the  ion  and 
neutral  reactants.  The  measurements  are  correspondingly  less  ac¬ 
curate  than  for  experimentally  simpler  reactions,  and  suet,  details 
as  the  energy  dependence  of  the  rate  constant  are  not  available. 

18A.3.7  02  +  No  Na+  •*  C>2 

This  reaction  and  the  analogous  and  NO+  charge-transfer  re¬ 
actions  have  been  measured  in  a  flowing-afterglow  system  (Refer¬ 
ence  18A-  10),  the  rate  constant  for  the  reaction  being  6.  7  x  10  ^ 
cm^/sec  at  500  K  .  Reactions  of  ions  with  neutral  metals  pose  prob¬ 
lems  in  measurement  because  of  the  difficulty  of  handling  and  mea¬ 
suring  the  neutral  reactant.  However,  such  reactions  are  being  treated 
in  crossed-bearn  experiments,  down  to  a  few  electron  volts  of  ion 
energy  (see  Table  l  8A-6}.  Because  of  the  difficulties  enumerated 
above,  crossed-beam  measurements  will  probably  supply  the  bulk 
of  useful  information  of  this  kind  for  some  years.  In  the  case  of 
charge-transfer  reactions  generally,  the  rate- constant  dependence 
on  energy  is  usually  relatively  slight,  so  that  the  long  extrapolation 
from  a  few  el-rtron  volts  to  atmospheric  temperatures  is  not  so 
hazardous  as  would  be  the  case  for  ion-atom  interchange.  However, 
for  o\  +  Na  the  extrapolation  gives  a.bout  twice  as  large  a  rate  con¬ 
stant  as  the  flowing-afterglow  measurement, and  for  +  Na  the 

discrepancy  is  a  factor  of  four,  the  extrapolated  beam  result  again 
being  larger.  An  important  detail  about  reactions  such  as  this  which 
remains  undetermined  is  the  chemical  state  of  the  products,  i.  e.  , 
either  Cq  or  O  +  O  could  be  produced  in  the  present  instance. 

18A.3.8  U2  +02  4  M  -  0*  +  M 

This  reaction  is  particularly  important  with  respect  to  the  D-  region 
chemistry  {Reference  18A-35).  Reactions  such  as  this  one  are 
difficult  to  measure  in  the  laboratory  and  good  rate  data  are  corres¬ 
pondingly  sparse.  The  problem  is  compounded  by  the  fact  that  seve¬ 
ral  third  bodies  (M)  are  of  potential  importance  in  the  atmosphere, 
and  by  the  additional  fact  that  Ihr  ee-body  rate  constants  are  markedly 
temperature-dependent.  Much  of  the  atmospheric  interest  is  in 
the  D-  region  where  T  <  500  K,  which  is  not  a  readily  accessible 
range  in  most  laboratory  experiments.  For  M  =  C>2  and  T  “  298  K, 
Durden  et  ai  (Reference  18A-  19)  find  k  =  2,  8  x  10_-3,,3  crn^/sec  for 


► 

1 


1 8  A  —6 


CHAPTER  18A 


the  above  reaction.  For  M  =  He  and  T  -  oO  h,  Bohme  ct  a1  (Refer¬ 
ence  18A-8)  find  k  =  3.  1  x  10'^  crn^/sec.  This  illustrates  the 
marked  increase  in  rai  >  constant  with  decreasing  temperature,  a 
very  general  finding.  It  is  unlikely  that  helium  is  as  effective  a 
third  body  as  molecular  xygen  at  any  temperature.  In  the  analo¬ 
gous  N-j  reaction  at  3 0 C  K,  molecular  nitrogen  is  2.  5  times  as  ef¬ 
fective  as  helium,  for  example  (Reference  18A-8).  This  reaction 
(N^  t  2Nt  -  Ns  +  No)  is  about  18  times  faster  than  the  corresponding 

i*-«  .  .  ^ 

reaction  cited  above,  which  is  attributable  to  a  larger  dis¬ 
sociation  energy.  Three-body-assoc-atior?  rate  constants  are  expected 
to  increase  markedly,  both  with  the  dissociation  energy  of  the 
complex  formed  and  with  the  sizes  of  the  molecules  involved,  as 
well  as  with  a  decrease  in  temperature. 


18A.3.9  C>2  +  02  +  M  -  0~  +  M 

It  is  recognized  that  O.j  formation  may  be  of  great  importance 
in  D-region  negative-ion  chemistry  (Reference  18A-36),  owing  to  a 
number  of  rapid  reactions,  e.g.  ,  +  NO  -*  NO^  r  ,  which 

lead  to  stable  (non- electron- detaching)  products.  This  reaction  ap¬ 
pears  to  be  quite  slow;  McKnight  and  Sawina  (Reference  i8A-37) 
report  k  =  .3  x  10~^  cm^/see  at  310  K,  from  drift-tube  studies. 

This  is  an  order  of  magnitude  slower  than  the  analogous  O^  positive- 
ion  association  at  room  temperature,  suggesting  a  definite  anomaly 
inasmuch  as  the  O^  dissociation  energy  is  thought  to  be  greater 
(0.  59  eV)  than  the  O*  bond  energy  (0.  42  eV). 

18 A. 3. 10  NO~  +  N02  -  NO3  +  NO 

This  reaction  is  observed  to  take  place  with  a  rate  constant  of 
approximately  1  x  lO'*4  cm  /see  (Refer ence  1 8 A- 381,  indicating  that 
EA{ NO3)  >  EA(NOz)  t  0.9  eV,  or  that  EA(NOj;)  >2.7  eV  at  least, 
and  probablv  >  3.  1  eV.  Additionally,  these  data  seem  t.o  establish 
that  the  reverse  reaction  (NO3  +  NO)  is  endothermic.  However,  it 
has  also  been  round  (Reference  18A--38)  that  a  form  of  NO3  can  be 
produced  which  reacts  readily  vdth  NO  in  the  laboratory.  Presum¬ 
ably  this  NO3  is  a  different  stable  geometrical  form  of  the  same 
empirical  formuLa  NO3  .  Polyatomic  ions  are  known  to  exist  in  dif¬ 
ferent  isomeric  forms,  e.g.,  O-N-O-O"  and  O-N-O  in  the  present 

6" 

instance.  This  suggests  a  potential  source  of  error  in  certain  labora¬ 
tory  observations,  as  well  as  a  considerable  additional  complexity 
of  the  D-region  chemistry,  where  such  factors  may  have  an  im¬ 
portant  influence  upon  the  ion  chemistry  in  particular. 


18A-7 


DNA  1948H 


18A.3.11  The  C>2  -  Sequence 

A  reaction  scheme  which  proceeds  sequentially  from  to 
H^O^'H^O  and  higher  hydrated  clusters,  is  known  to  be  very  sig¬ 
nificant  in  the  D-region.  The  three-body  association  of  02  to  , 
discussed  in  subsection  18A.  3.8,  is  efficient  at  approximately  200  K 
in  the  D-region.  Following  this  initial  step,  the  s.  quence  proceeds 
via: 


K* 

F** 

(a) 

°4  +  H2°  "  °2‘H2°  +  °2 

1.  3 

x  10‘9 

2 

2  x  10-9 

(b) 

o2*h2o  +  h2o  -  h3o+*oh  r  o2 

9 

xlO-10 

i . 

-9 

9x10 

(c) 

-  H  0+  f  OH  +  O, 

3 

x  10'10 

3. 

0  x  10 

(d) 

H  0+*0H  H?0  -  H,0+'H?0  +  OH 

a  l 

x  10"9 

3. 

-9 

2  x  10 

These  are  followed  in  turn  by  further  three-body  clustering  of  water 
molecules  to  the  hydrated  cluster-ions.  Reaction  (c)  (producing 
H^O+)  is  almost  certainly  endothermic  and  presumably  occurs  a.s  a 
consequence  e”  vibrational  excitation  of  the  reactant  *  1I20  •  This 
may  account  ft  r  reported  variations  inthe  branching  ratio  represented 
by  reactions  (b)  and  (c)  ,  w.th  different  experimental  conditions. 
Fehsenfeld  (Reference  18A-39)  has  found  thf.t  the  reaction: 

(e)  Ot  +  O  -  oS  O 

**  2  3 

has  a  larne  rate  constant,  i .  e  V  =.  (  3  +  ?  \  y  1  n  “  *  b  Cm^/sec.  Th  i  s 
plays  an  important  role  in  the  0’2  -  IDO  reaction  scheme  in  the  D- 
r  egion. 

In  addition  to  02  •  H^O  production  from  ,  direct  02  hydra¬ 
tion  can  occur : 

(f)  O*  *  HzO  +  M  -•  02'H20  +  M  . 

Rate  constants  from  Kebarie  (Reference  18A-20),  in  cn^/sec, 
Rate  constants  fron'i  Ferguson  (Reference  18A-9),  in  cmVsec. 
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Howard,  Rundle,  and  Kaufman  have  found  the  rate  constant  to  be 
1.9  x  10*^®  c.. n^/sec  for  M  =  O?  at  296  K  (Reference  18A-12},  and 
Good  et  at  (Reference  ISA-20)  and  Fehsenfeld  et  al  (Reference 
1BA-9)  have  obtained  similar  results. 


'8A.3.12  The  NO4  -  H20  Sequence 

The  sequence  of  events  involved  in  NO+  hydration  in  the  D- region 
have  been  shown  (References  ISA-1,  18A-12,  18A-35,  18A-40,  18A- 
41)  to  include:* 


(a)  NO+  +  H,0+  M  -  NO+'  H^O  *  M  ; 


it  =  1,  6  x  10 


•26 


(b)  No''H.OtHC*  M  s  Ko'lK  Ol,  +  M;  k=  1.0*  JO-27 

1  l  Z  Z  _u 

itf  -  <1x10 

(cl  NO+|H, 0),  +  H  O+M  £  NOftH.O!  i  M  ;  10'27 

2  2  2  Z.  i  , - 


l.  4  x  10 


-28 


1.2x10 
1.  7  x  10 


.-2.7 

-14 


1.4x10 


1.  3  x  10  11.4x10 


-27 

.-12 


(d!  N0+(H201  +H2Q  -  Hj0+(H20)2  +  HN0,;  y.  ■  8  x  !0' 


1 ,  6  x  10  cm  (  sec. 


■  »  m'?*7  6/ 

1 .  1  x  10  cm  /  sec. 

1.4x10  ^  ciu  V st«c. 


”27  ft 

1,9*  10  cm  / sec. 
1 . 9  x  If)  cm */ sec. 


x  0**1  7  x  1C  *'  cmVsec, 


The  results  presented  above  agree  remarkably  well  in  view  of  the 
complexity  of  the  coupled  reaction  sequence. 


18A.3. 13  NCbJ  +  NO  -  NO4  +  NC>2 

This  reaction  has  been  found  to  Le  very  rapid;  k  =  2,9  x  10“*® 
cm^/sec  (Reference  i 8 A-42),  which  is  important  insofar  as  it  con¬ 
firms  that  IP(NOz)  >  IP(NO). 


ifiA  n  i a  kjn+  rr\  ±  m  ki rv  .  rrs 

I  WMt  W»  t  l  t  9  W  V  ^  1  *  *  1  «  ’  V  V  W 


’l 


A* 


The  reaction,  where  M  =  N2  >  has  been  found  to  have  a  rate  con¬ 
stant  of  3  x  10"29  cm^/sec  at  197  K  in  the  afterglow  (Reference 


*  Rate  constants  under  "F"  (via  flowing  afterglow,  whore  M  -  N'2) 
are  from  Fehsenfeld  et  al  (Reference  18A-40),  who  also  report 
data  for  M  =  He,  Ar.  Rate  constants  under  "H"  (via  flowing  after¬ 
glow,  where  M  -  N2)  are  from  Howard  et  ?.l  (Reference  18 A- 12), 
who  also  report  data  for  M  =  He,  Ar,  O  .  Rate  constants  under 
"  P"  (via  stationary  afterglow,  where  M  ~  KOI  *  ->m  Puckett 
and  Teague  (Reference  18A-41).  AU  data  pertain  Vo  1  oorn- tempera¬ 
ture  measurements. 
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18A-43|.  Furthermore,  the  reaction  NO  'CO-,  +  f^O  -  NO  ■: 

CO->  is  very  fast,  i.  e.  ,  k~10"9  cmVsec.  These  combined  results 
are  important  in  that  the  CO2  association  with  NO+  ,  followed 
by  the  rapid  " switching”  of  CO2  and  H2O  ,  appears  to  be  a  more 
rapid  means  of  hydrating  NO"1"  in  the  D-region  than  the  direct  three- 
body  association  of  NO+  and  I^O  , 


18A.4  SUMMARY  OF  REACTION 
RATE  CONSTANTS 

Following  are  several  tables  of  reaction-rate  constants  of  atmo¬ 
spheric  inter  est:  Table  1  8A- 1 ,  positive-ion  charge-transfer  reactions; 
Table  18A-2,  negative-ion  charge-tra.nsfer  reactions;  Table  ISA-.’J, 
positive -ion  atom- inter  change  reactions:  Table  18A-4,  negative-ion 
atom-interchange  reactions;  Table  18A-5,  three  -  body  positive-ion 
reactions;  Table  18A-6,  three-body  negative-ion  reactions;  and 
Table  18 A- 7,  the  Gulf  General  Atomic  charge-transfer  reactions  of 
positive  ions  with  metallic  neutrals.  The  latter  are  kept  separate 
because  they  form  a  cohesive  set  of  data  and  because  of  the  special 
extrapolation  methods  used  to  estimate  the  thermal-energy  rate 
constants.  Throughout  all  tables  except  the  last  (18A-7),  the  rate 
constants  are  reported  in  the  form  m(-n),  which  designates  mxlO-n. 

Unless  otherwise  specified,  rate  constants  were  obtained  at  room 
temperature.  For  some  older  measurements,  review  papers  are 
referenced  rather  than  the  original  papers. 
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Table  18A-7.  Charge  transfei  ta  neutral  metals,0 


Measured  cross-section 

Extrapolated  value  of 

Reaction 

for  ians  af  1  eV  (at  ihe 

thermal-energy  rate 

carter  af  mass) 

constant 

(cm2) 

(cmVsec)^ 

N+  +  Na  -  N  +  Na+ 

small 

0+  +  Na  -  O  +  Na+ 

small 

N~  +  Na  -  N0  +  Na+ 

Z  4m 

3.0  x  10~15 

1 .9  x  10~9 

O*  +  Na  -«  02  +  Na+ 

-15 

5.5  x  10 

1 .4  x  !0'9 

NO+  +  Na  -  NO  +  Na+ 

1.2  x  10'15 

H20+  +  Na  -  HjO  +  Na+ 

2.8  x  10'14 

2.7 x  10-9 

H30+  +  Na  -  HgO  +  Na+ 

2.4  x  10~14 

N20+  +  Na  -  N20  +  Na+ 

2.7  x  10_U 

2.0 x  10-9 

Na  +  Na  -  Na  +  Na+ 

-14 

2.3  x  10 

2.8  x  10‘9 

N+  +  Mg  -•  N  +  Mg 

-14 

1.1  x  10 

-9 

1.2x  10 

*+■ 

O  +  Mg  -*  O  +  Mg 

small 

N2  +  Mg  -  1^2  +  Mg 

-14 

1.8  x  10 

02  +  Mg  -  02  +  Mg+ 

7.6  x  10"15 

1.2  x  10"9 

NO  +  Mg  -  NO  +  Mg 

-14 

1.4  x  10 

1 .0  x  I0-9 

H20  +  Mg  -  H20  +  Mg 

-14 

1.8  x  10 

2.2  x  10“9 

HgO  +  Mg  -•  HgO  +  Mg 

00 

oo 

X 

o 

1 

C Ti 

N20+  +  Mg  -  N?0  +  Mg+ 

2.6  x  10‘14 

-0 

2.1  x  10 

Mg  -f  Mg  ~  Mg  ■  Mg 

-14 

t  3.G  x  10 

4.7  x  |0-9 

N+  +  Ca  -  N  +  Ca+ 

5.3  x  IP 

! 

l.J  x  10"9 
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Table  18A-7.  (Conf'd.) 


Reoction 


Meosured  cross-section  Extropoloted  value  of 
for  ions  of  1  eV  (ot  the  therm ol-energy  rote 


center  of  moss) 
(cm2) 


0+  +  Ca  -•  O  +  Co+ 

-14 

1.1  x  10  1 

4  -f- 

-14 

N2  f  Ca  -  N2  +  Ca 

3. Ox  10 

02  +  Co  -*  02  +  Ca 

i  .5  x  ^0“' 4 

NO+  +  Co  -  NO  Ca+ 

2.2 x  10"14 

HjO  +  Ca  -•  H20  +  Ca 

5.5  x  10'K 

H30+  +  Ca  -  H30  +  Co+ 

3.4  x  I0"14 

N20+  +  Co  -  N20  +  Ca+ 

-14 

4 .5  x  10 

Co  +  Co  -  Co  +  Co+ 


H+  +  Fe  -  H  +  Fe+ 


N+  +  Fe  -»  N  +  Fe  + 


_  Oifa 


N*  +  Fe  -  N9  +  |-'e+ 
NO+  +  Fe  -  NO  +  Fe  + 


0\  +  Fe  -  02  +  Fe+ 
rLO+  +  Fe  -  FLO  +  Fe  + 

i.  L 


Notes: 

^  t.LI.  1  * _ It  -  1  L 


6.0  x  10 

Measured  cross-section 
far  ions  ot  3  eV  (ot  the 
center  of  moss) 

(cm') 

9.5  x  10"16 

1.6  x  >0  '6 


n„  tn 

I  1  W  A  IV 


2.9  x  10 


2.4  x  10 


2. Ox  10 


3.3  x  10 


constont 

(cm'Vsec)  ^ 


7 .5  x  10_1° 
1.7 x  10"9 
4.1  x  10~9 
4. Ox  10‘9 
4.0  x  10"9 
4.4  x  10'9 


Toble  kindly  supplied  by  J.A.  Rutherford  (Reference  18A-69). 
b  Extranolotion  scheme  described  in  Reference  ,C,A~70. 
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B.  NON-THERMAL  PROCESSES 


A  chapter  on  this  subject  will  be  prepared  and  distributed  to  author¬ 
ized  recipients  of  the  Handbook  at  an  early  date. 
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19.  NEUTRAL  REACTIONS 

Frederick  Kaufman,  University  of  Pittsburgh 
(Latest  Revision  29  June  1971) 


19.1  INTRODUCTION 

Much  chemical  information  on  the  reactions  of  neutral  species  is 
required  for  an  understanding  of  the  normal  and  perturbed  upper  atmo¬ 
sphere.  In  general,  such  information,  in  the  form  of  reaction 
rate  constants  as  functions  of  temperature,  represents  a  very  small 
fraction  of  the  vast  field  of  chemical  reaction  kinetics,  and  might  be 
expected  to  be  found  scattered  throughout  the  literature  on  chemical 
rate  processes.  This  does  not  turn  out  to  be  the  case,  because  some 
of  the  reactants  in  most  of  the  interesting  steps  are  atomic  species 
which  are  not  normally  present  in  chemical  reactions  except  under 
extreme  thermal  or  photochemical  conditions.  Thus,  the  quantita¬ 
tive  studies  of  the  reaction  rates,  to  be  described  in  the  following 
sections  and  to  be  summarized  in  Chapter  24,  are  mostly  less  than 
ten  years  old,  use  special  experimental  techniques  to  prepare  the 
reactants  at  controlled  temperature  and  in  specific  quantum  states, 
and  owe  their  existence  to  the  recent  impetus  of  acronomy  and  to  the 
renaissance  in  the  field  of  atom  reaction  theory.  The  study  of  neu¬ 
tral  reactions  is  both  harder  and  easier  than  that  of  charged  species 
which  makes  up  most  of  this  Handbook:  harder  because  the  rate  con¬ 
stants  span  a  much  wider  range  in  magnitude  due  to  the  frequent 

CAiaitiicc  uf  encigy  Ijui  iici  .S  (cnei  gies  Oa  acti v ouiun)  wiius^t;  a.  priori 

prediction  is  difficult;  easier  because  most  systems  are  thermally 
homogeneous,  i.  e.  ,  do  not  require  the  difficult  experimental  and 
theoretical  extrapolation  to  thermal  conditions  inherent  in  beam  or 
swarm  experiments  involving  charged  particles  and  applied  electric 
fields. 

in  the  following  sections  of  this  chapter  some  of  the  principal 
experimental  methods  w'ill  be  described  briefly  and  their  strengths  and 
weaknesses  pointed  out;  five  important  reactions  will  then  be  dis¬ 
cussed  in  some  detail,  followed  by  briefer  expositions  of  some  coupled 
reaction  sys-.ems,  in  conclusion,  some  important  gaps  in  our 
knowledge  will  be  mentioned  and  suggestions  made  for  future  work. 
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19.2  EXPERIMENTAL  METHOD5 

The  data  for  the  neutral  reactions  listed  in  Chapter  24  come  from 
an  astonishing  variety  of  experimental  techniques.  These  include 
classical  gas  reaction  kinetics  (thermal  decomposition  of  ozone); 
shock  tube  studies  (O  and  N — recombination);  photochemical  decom¬ 
position;  and  low-pressure  flow  reactor  methods  with  or  without  dis¬ 
charges  to  produce  atomic  species.  This  last  method  has  been  the 
most  widely  used  and  will  be  described  in  greater  detail  than  the 
others . 

Classical  kinetic  studies  are  particularly  welcome  in  the  few  in¬ 
stances  where  they  can  be  applied.  Rate  constants  can  be  measured 
far  more  accurately  in  static,  homogeneous  systems  than  in  shock 
tubes  or  dis charge-flow  systems  because  of  better  temperature  con¬ 
trol,  absence  of  diffusion  or  convection  effects,  and  more  accurate 
analyses  for  changes  in  pressure  or  chemical  composition.  Their 
principal  shortcoming  for  the  purpose  of  the  present  survey  is  that 
they  often  deal  with  overall  changes  more  complex  than  a  single  re¬ 
action,  i.  e.  ,  that  the  multi-step  mechanism  must  be  known,  so  that 
the  increased  experimental  accuracy  is  lost  in  the  apportioning  of 
errors  to  the  various  elementary  steps. 

The  shock-tube  method  has  been  by  far  the  most  productive  tech¬ 
nique  for  the  study  of  dissociation  and  recombination  reactions  at 
high  temperatures.  Its  accuracy  is  fairly  low,  both  for  aer  odynarr  ,  c 
reasons  (boundary  layer  effects,  shock  instabilities)  and  for  their 
instrumental  and  chemical  counterparts  (low  signal-to-noisc  *atio 
large  uncertainty  in  kinetic  temperature,  vibrational  relaxation  ef¬ 
fects). 

Photochemical  studies  under  staic  conditions  share  the  advantage 
of  easy  temperature  and  composition  control  a  :  well  as  good  chemical 
analysis  with  other  static  methods,  but  they  suffer  from  several 
shoitcomings  such  as  the  experimental  difficulty  of  accurate  actino- 
metry,  spatial  inhomogeneily  due  to  strong  absorption,  uncertainty 
in  the  nature  of  the  electronically  excited  states,  and  hot-atom  or 
radical  effects  in  photolytic  bond  dissociation.  There  is  an  in¬ 
creasing  and  very  welcome  emphasis  on  the  measurement  of  funda¬ 
mental  quantities  such  as  radiative  lifetimes,  specific  quenching 
cross-sections,  fluorescence  spectra,  etc.,  rather  than  the  less 
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specific  measurements  of  quantum  yieldas  a  function  of  time  pres¬ 
sure,  and  composition.  Flash-photolysis  methods  have  been  applied 
most  successfully  to  iodine-atom  ;  ecombination  studies. 

Steady-state  flow  methods  in  v/hich  the  desired  reactant  species 
are  produced  thermally  or  in  a  gas  discharge,  mixed  with  other 
reactants,  and  the  progress  of  res  ction measured  as  a  functionof  a 
space  coordinate  have  found  increasing  use  during  the  past  ten  years. 
Their  principal  advantages  include:  the  wide  range  of  energetic  reac¬ 
tant  species  such  as  H,  O,  N,  and  OH  which  can  be  produced  and 
measured  quantitatively;  the  simple  expedient  of  transforming  a 
rapid  time  variation  into  a  space  variation  in  a  cylindrical  flow  tube; 
and  the  great  wealth  of  detection  methods  such  as  chemiluminescent 
light  emission,  mass  spectrometry,  optical  absorption  spectrometry, 
electron  spin  resonance  spectrometry,  or  hot- wire  calorimetry. 
These  techniques  also  have  an  appealing  experimental  sjmniicity. 

They  have  produced  measurements  of  rate  constants  ranging  from 
near-gas-kinetic  collision  frequency  (and  larger  as  in  their  direct 
application  to  ion-molecule  reactions)  to  much  lower  values  for 
reactions  which  have  appreciable  energy  barriers. 

The  disadvantages  or  limitations  of  these  methods  fall  into  four 
categories: 

1.  Characterization  of  the  flow.  Proper  account  must 
be  taken  of  the  viscous  pressure  drop  along  the  tube; 
of  radial  diffusion  which  should  be  fast  enough  to 
justify  one-dimensional  analysis;  of  axial  diffusion 
which  should  be  slow  enough  to  make  it  a  small  cor¬ 
rection  to  the  measured  spatial  decay;  and  of  the 
onset  of  turbulence  at  large  flow  velocities  and  high 
oressures.  Some  nf  (Vihrp  and  nther  effects  are  dis¬ 
cussed  in  various  references  (References  19-1 
through  19-3).  In  the  case  cf  very  fast  reactions, 
rapid  mixing  of  reactants  becomes  a  major  problem. 

2.  Detector  interference.  Although  closely  related  to 
(1),  this  requires  special  consideration,  particularly 
in  the  case  of  catalytic  probe  detectors  where  the 
convective  flow  may  be  disturbed  well  upstream  of 
the  probe  if  diffus  ion  is  fast,  or  in  the  case  of  scaven¬ 
ger  (titration)  methods  where  another  reactant  is 
introduced  which  greatly  reduces  the  atom  concentra¬ 
tion  by  rapid  reaction. 
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3,  Surface  recombination.  This  is  often  a  principal  limita¬ 
tion.  Gas  reactions  of  reactive  species  can  only 
be  studied  if  the  rate  at  which  these  species  are  "e* 
moved  at  the  wall  is  a  small  fraction  of  their  total 
rate  of  disappearance.  Thus,  the  surface  recombina¬ 
tion  coefficient  (the  ratio  of  atom- removing  to  total 
number  of  wall  collisions)  must  be  smaller  than  10*3 
(or  preferably  smaller  than  10”’)  and  walls  must, 
therefore,  be  kept  sufficiently  clean  or  suitably  poi¬ 
soned.  At  the  large  throughputs  of  gases  in  fast-flow 
experiments  it  is  often  not  possible  to  ke^p  surfaces 
clean.  In  most  studies,  si.  "face  e.  atings  of  strong 
acids  (H3PO4,  H2SO4),  teflon,  or  e'vanic  silicon 
compounds  have  been  used  on  glass  or  silica  flow 
tubes. 

4.  Metastable  states.  Insofar  as  flow  dischai  >es  are 
used  to  produce  the  desired  atomic  or  othe: 1  reactant 
species,  the  presence  and  reactions  of  undesirable 
metastables  may  interfere  grossly  with  the  processes 
under  study.  This  interference  is  particularly  severe 
in  the  case  of  N;>  or  discharges,  and  has  led  to 
serious  errors  in  measurements  of  rate  constants. 

There  are,  of  course,  no  general  remedies  against 

it  except  the  use  of  more  nearly  thermal  sources 
(ozone  decomposition  for  O-atoms,  thermal  dissocia¬ 
tion  of  or  O2).  or  the  removal  of  metasiables 
in  discharge-flow  systems.  When  the  latter  cannot  be 
achieved,  the  harmlessness  of  these  metastables  to 
the  particular  process  under  investigation  must  be 
clearly  established. 

19.3  DETAILED  DISCUSSION  OF  SOME 
IMPORTANT  REACTIONS* 

19.3.1  O  +  O3  -  2  02  (AE°  =  -93.7  kcal  =  -4.06  eV> 

Although  this  reaction  has  been  studied  by  all  of  the  methods  des¬ 
cribed  in  the  preceding  se  ction,  a  substantial  uncertainty  in  its 


^Reaction  energies  are  here  given  in  both  kcal  and  eV  units.  It  is 
understood  that  the  proper  units  are  kcal/g  mole  and  eV/molecule 
and  that  1  eV/molecule  equals  23.06  kcal/g  mole.  The  symbol  AE° 
stands  for  the  change  in  energy  .it  T  =  0  K  and  therefore  also  for  the 


CHAPTER  19 


energy  of  activation  has  been  resolved  only  recently.  The  thermal 
work  summarized  by  Benson  and  Axworthy  (Reference  19-4)  and  the 
shock  tube  study  of  Jones  and  Davidson  (Reference  19-5)  suffer  from 
the  unavoidable  limitation  that  in  the  mechanism: 


1 

O,  +  M  £  00  +  O  +  M; 
i  2  2 


o  +  o3 


3 

— ♦ 


2  02, 


experiments  in  dilute  ozone  under  steady-state  conditions  only  de¬ 
termine  (kj /k2)  x  k^.  The  large  temperature  coefficient  of  this  ex¬ 
pression  is  mostly  due  to  the  equilibrium  constant  of  the  first  step 
{&E°  =■  24.2  kcal  =  1.05  eV)  and,  therefore,  needs  to  be  measured 
with  unattainable  accuracy  in  order  to  determine  the  desired  activa¬ 
tion  energy  (known  to  be  in  the  range  of  3  to  6  kcal)  to  within 
±0.2  kcal.  In  shock  tube  experiments  where  steady  state  is  not 
reached  because  reaction  1  is  very  fast  and  reaction  2  is  negligible, 
the  situation  is  equally  bad  because  the  large  activation  energy  of 
reaction  1  overshadows  that  of  reaction  3.  The  reported  values  of 
kj  are  5.  6  x  10“^  exp  (-5.7/RT),  c  =  2900  (Reference  19-4,  from 
data  in  the  range  340  to  390  K)  and  (4.0  ±0.  81  x  1  0“  ^  expT  -(5.6  ± 

0.  5)/RT],  c  =  2800  ±  300  (Reference  19-5,  T  *  700  to  900  K).  Re¬ 
sults  of  measurements  in  which  O-atoms  (from  a  glow  discharge) 
and  O3  (ozonized  O?)  were  mixed  in  a  flowtube  experiment  gave 
8.  2  x  10"  12  eXp  [-(3.  3  i  1.  0)/RT],  c=  1700  ±5C0,  as  recalculated 
by  Campbell  and  Nudelman  (Reference  19-6)  from  data  by  Leighton 
et  al  (Reference  19-7),  but  this  result  as  well  as  others  oased  on 
the  measured  steady- state  ozone  concentration  in  afterflows  of  oxy¬ 
gen  discharges  are  suspect  due  to  the  known  presence  of  sizable 
concentrations  of  metastable  02(a^Agand,  to  a  lesser  extent,  b  ^Eg), 
which  react  rapidly  with  O3. 


change  in  enthalpy,  AH3,  at  T  =  OK,  per  g  mole  of  reaction  proceeding 
as  written.  Rate  constants  k  are  in  units  of  cm^  sec"l  for  two- 
body,  and  cm^  sec-  '1  for  three-body  processes.  These  are  presented 
in  two  for’  ts.  viz;  k  =■  A(T/?rl®  exp(-E/RT),  corresponding  to 
the  form  of  expression  of  m<  ’t't  1  the  published  data,  where  the  r  efer- 
ence  temperature  (Tr)  is  usually  300  K  but  may  be  designated  other¬ 
wise,  E  is  the  activation  energy  in  kcal/g  mole/K,  and  R  =  1.987  x 
10"-*  kcal/g  mole;  and  k  -  a(  T/  300)6  exp(-c/T),  corresponding  to  the 
practice  used  and  explained  elsewhere  in  the  Handbook  and  in  Table 
19-1  of  this  chapter,  i.  e.  ,  c  =•  E/R,  b  ~  B,  atid  a  =  A  unless  Tr  4 
300  K. 
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The  photochemical  study  by  Castellano  and  Schumacher  (Refer¬ 
ence  19-8),  in  which  O3  was  photolyzed  by  red  light  (which  can  pro¬ 
duce  C>2  +  O  only  in  their  electronic  ground  states),  obviates  the 
above  difficulties  by  measuring  the  ratio  l^/kj  whose  temperature 
coefficient  is  mainly  determined  by  E3.  Unfortunately,  the  experi¬ 
ments  were  carried  out  at  only  three  temperatures  from  278  to  298  K. 

Combining  these  ratios  with  a  value  of  6.5  x  10' ^(T/300)"^' J,  which  is  fur¬ 
ther  discussed  later,  and  putting  =  A3  exp  L-E3/RTJ  ,  one  obtains 
(1.4  ±0.3)  x  10"12  exp  [-(3.0  ±0.4)/RT],  c=  1500  ±200.  This  gives 
rate  constants  in  excellent  agreement  with  the  expression  of  Refer¬ 
ence  19-4  near  400  K,  but  is  a  factor  of  6  lower  than  Reference  19-  6 
near  800  K.  The  situation  is  further  complicated  by  the  fact  that 
shock-tube  work  (Reference  19-9)  on  ozone  in  the  temperature  range 
1600  to  3300  K  suggests  a  larger  value  of  kj/k^  than  that  given  by 
Jones  and  Davidson  whose  k3  is  20  to  30  times  larger  than  the  present 
one  at  those  temperatures. 


In  a  review  by  Schiff  (Reference  19-10).  two  experimental 
studies  of  the  reaction  were  cited:  one  by  Kondratiev  and  Intezarova 
(Reference  19-11)  who  reported  k  =  (4.  8  ±1.5)  x  10"^  exp(-3  7/RT), 
c  =  1900,  and  another  by  Lundell,  Ketcheson,  and  Schiff  (Reference 
19-12),  k  =  3.2  x  10'^  exp  ( -4.  5/RT),  c  -  2300.  Two  additional  in¬ 
vestigations  have  further  clarified  this  problem:  Krezenski  (R  ifer- 
ence  19-13)  measured  the  competitive  reactions  of  O  with  OCS  and 
O3  from  197  to  299  X  and  obtained  1.1  x  10"^  exp  (-4.33/RT),  c  = 
2180,  for  the  rate  constant  of  the  O  +  O3  reaction,  and  McCrumb 
and  Kaufman  (Reference  19-14)found  k=  1.  8x  10_1 1  exp(-4.  46/RT), 
c  =  2240.  Johnston's  (Reference  19-15)  critical  review  analyzed 
data  up  to  1967  and  therefore  did  not  include  the  four  later 
studies.  He  recommended  2.0x10"^  exp  (-4.  79/RT),  c  =  2400. 

The  reaction-kinetic  problem  may  be  considered  resolved,  and 
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19.3.2  N  +  02  -  NO  +  O  (AE°  =  -32.07  kcal  =  -1.39  eV) 

There  have  been  four  studies  of  this  reaction,  three  by  flow  methods 
in  the  forward  direction,  at  temperatures  from  400  to  750  K,  and 
one  by  static  methods  in  the  reverse  direction,  at  temperatures  from 
1500  to  1700K.  There  is  substantial  agreement  that  the  forward 
reaction  has  a  small  activation  energy  whose  magnitude  lies  in  the 
range  from  5.  9  to  7.  5  kcal.  As  the  most  direct  investigation  over 
the  largest  temperature  range,  the  work  of  Clyne  and  Thrush 
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(Reference  19-16)  is  preferred.  Their  forward  rate  constant  of ( 1.  4  ± 
0.2)  x  10-H  exp  [-(7.  1  ±0.4)/RT],  c  =  3600  ±  200  is  in  good  agree¬ 
ment  with  one  calculated  from  the  reverse  step  and  the  equilibrium 
constant  as  reported  by  Kaufman  and  Decker  (Reference  19-17).  It 
is  unlikely  that  this  rate  constant  is  substantially  in  error,  although 
a  larger  value  would  help  explain  the  relatively  large  densities  of  NO 
which  have  been  measured  in  the  upper  atmosphere. 

A  new  measurement  by  Wilson  (Reference  19-18)  over  the  targe 
temperature  range  300-910  K  yields  2.  4  x  10"  1  1  exp  (-7.  9/RT),  c~ 
4000,  which  differs  only  slightly  from  the  earlier  recommendation, 
and  may  be  preferable. 


19.3.3  N  +  NO-N2  +  0  (AE°= -74.99  kcol  = -3.25 eV) 

This  very  fast  reaction  was  first  studied  by  Kistiakowsky  and  Volpi 
(Reference  19-19)  by  mass  spectrometry  in  a  "stirred  reactor", 
low-pressure  flow  system  and  by  Kaufman  and  Kelso  (Reference  19-20) 
who  explained  the  sequence  of  visible  afterglows  when  increasing 
amounts  of  NO  are  added  to  "active  nitrogen",  in  terms  of  radiation 
originating  from  electronically  excited  products  of  N  +  N,  N  +  O, 
and  O  +  NO  recombinations.  The  N  +  NO  reaction  represents  the 
key  to  the  understanding  of  these  phenomena  by  the  rapid,  quantita¬ 
tive  formation  of  O  from  N  ,  and  makes  possible  the  "titration"  of 
N  by  NO  with  a  clearly  observable  "endpoint"  in  low-pressure  flow 
systems.  Its  rate  constant  was  indirectly  determined  by  Clyne  and 
Thrush  (Reference  19-16)  to  be  4  x  10*  H,  independent  of  tempera¬ 
ture  over  the  range  475  to  7  55  K,  and  directly  by  Phillips  and  Schiff 
(Reference  19-21),  in  a.  low-pressure  flow  system  with  mass-spec- 
t-^ometric  detection,  who  reported  (2.  2  ±  0.  6)  x  10“  ^  at  300  K.  As 
there  should  be  some  ste.ric  requirements  for  a  reactive  collision  of 


m  ->  xrrv 
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frequency  indicates  a  very  small  (<0.  5  k.cal)  or  zero  energy  barrier. 
In  the  absence  ofanv  experimental  temperature  dependence  this  value 
of  (2.  2  ±  0.  6)  x  10*  ^  will  be  adopted  here. 


The  reaction  has  been  shown  to  yield  N7  with  extensive  vibrational 
excitation  (References  19-22,  19-23),  the  average  energy  of  N| 

being  21  i  5  kcal,  corresponding  to  3  to  4  vibrational  quanta,  and  N-> 
was  found  to  decc mpose  O3  [k  =  (5.4  ±1,1)  x  10"^  near  300  K J. 

The  latter  behavior  appears  to  be  in  contrast  to  that  of  formed  in 
the  O  +  O3  reaction,  with  the  possible  explanation  that  O  deactivates 
o|  much  more  efficiently  (Reference  1 9 - 9b)  than  N  does  n|  , 
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19.3.4  O  +  02  +  M  -  03  +  M  (AE°  =  -24,25  kcal  =  -1 .05  eV) 

Some  of  the  above  discussion  is  applicable  here,  since  tl  e  recom¬ 
bination  step  is  the  reverse  of  the  decomposition  of  ozone  as  studied 
by  static  (Reference  19-4)  or  shock-tube  (References  19-5,  19-9) 
methods.  From  the  measured  decomposition  rate  constant  and  the 
equilibrium  constant,  Benson  and  Axworthy  report  k  =  8.  2  x  10"35 
exp  (+0,  89/RT),  c  =  450,  near  360  K  for  M  -  O2.  Jones  and  Davidson 
report  (2.  6  ±0.  3)  x  10"  3  3  exp  [+(1,  7  ±0.  3)/RT],  c  =  -860  ±150  or 
4.  1  x  10-34  (T/300)-1-  66  to  represent  the  combined  shock-tube  and 
lower  temperature  data  for  M  =  N£  ,  which  should  be  multiplied  by 
1,5  ±0.05  for  M  =  Og  •  There  are  further,  direct  measurements  by 
Kaufman  and  Kelso  (Reference  19-24)  at  300  K  for  various  M  ,  and 
Clyne,  McKenney,  and  Thrush  (Reference  19-25)  for  M  =  Ar  from 
188  to  373  K.  The  former  authors  find  k  =  ’  .  5  x  10"  34  for  M  = 
and  5.  5  x  10~3 4  for  M  =  N2  J  the  latter  report  2.5  x  1  0"  3  5  exp  [+{ 1 . 8  ± 
0.4)/Rr],  c=  -910  ±200,  or  5.  6  x  1 0_  3 4  { T/  300)"3- 4±0.  8  from  their 
own  data,  and  9.1  x  1  0“3^  exp  [+  2,3/RT],  c  -  -120  or  5.0  x  10" 34 
(T/300)"2-  6  from  a  combination  of  all  data,  for  M  =  Ar  .  By  pulse 
radiolysis  of  Ar  -  O?  mixtures  with  great  excess  of  Ar  ,  Sauer  and 
Dorfman  (Refer cnce  19-<-6)  were  able  to  measure  the  ozone  recom¬ 
bination  rate  at  pressures  up  to  100  atmospheres,  and  reported 
(2.3  ±0.  2)  x  10"  34  at  296  K  for  M=  Ar,  in  good  agreement  with  other 
results.  The  relative  efficiencies  of  N2  and  Ar  were  found  to  be 
1. 54  ±0.  17  in  the  shock-tube  work  (Reference  19-5)  near  800  K,  i.  r'6 
±0.2  in  photolysis  (Reference  19-8),  and  1.4  ±0.2  indirect-flow-tube 
experiments  (Reference  19-24),  and  one  would  calculate  (7.  5  ±  2)  x 
10~34  (X/300)"^*  ^  for  M  =  N2  ,  somewhat  higher  than  *he  direct  re¬ 
sults  of  5.  5  x  10"34  and  3.  5  x  10”34  of  References  19-24  and  1  9-26, 
respectively  (the  latter  value  representing  the  reported  datum  multi¬ 
plied  by  the  1.  5  efficiency  ratio  feu  N?:Ar), 

Three  other  investigations  are  available.  Mulcahy  and  Williams 
{Reference  19-27)  report  4.  7  x  10"35  exp(±l.  7/RT),  c  =  -860,  for 
M  =  Ar,  1.  5  to  2  times  larger  than  the  best  earlier  vajp.es.  Two 
pulse- radiolysis  studies  (References  19-28,  19-29)  near  295  K 
support  a  lower  rate  constant,  and  are  in  satisfactory  agreement 
with  earlier  results  on  relative  M-effects.  This  author's  original 
recommendation  of  5.  5  x  10“34  (T/300)*4.  6  or  an  equivalent  expo¬ 
nential  expression,  2  x  10"  ^5  eXp(+  1.  7/RT),  c  =  -860,  where  M  = 

N2>  still  seems  satisfactory. 
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19.3.5  0  +  0  +  M-02  +  M  (AE°  =  -117.98  kcol  =  -5.11  eV) 

Although  the  gap  between  low-temperature  extrapolations  of  shock- 
tube  data  and  flow-rube  experiments  has  been  narrowed,  particularly 
for  M  =  Ar,  several  discrepancie  remain. 

Among  the  latter  studies,  there  is  excellent  agreement  between 
Morgan  and  Schiff's  (Reference  19-30)  rate  constant  of  2.8  x  10“33 
at  294K  for  M  =  N2  and  Campbell  and  Thrush's  (Reference  19-31) 

3.  2  x  10-33  for  the  same  conditions.  (The  recombination  rate  con¬ 
stant  is  here  defined  by  d[C>2]/dt  =  k[o]^[M],)  These  authors  do 
not  agree,  however,  on  the  relative  efficiency  of  No  and  Ar  ,  the 
former  claiming  a  ratio  >3.3,  finding  no  measurable  increase  in 
rate  for  an  addition  of  40  percent  Ar  ;  the  latter  reporting  a  ratio  of 
1. 9.  This  is  of  particular  importance  for  comparison  with  shock- 
tube  work,  much  of  which  was  done  for  M  =  Ar  .  Much  shocktube 
work  was  a.lso  done  for  M  =  O2  ,  a  case  which  is  difficult  to  do  in 
flowtubes  because  of  the  interfering  ozone  recombination.  No 
shocktube  work  was  done  for  M  =  N?  .  Earlier  flowtube  results 
may  have  been  in  error  dve  to  the  presence  of  metastables  or  hydro¬ 
genous  impurities,  Campbell  and  Thrush  (Reference  19-31) 
also  measured  the  temperature  dependence  from  190  to  350  K. 

The  shocktube  studies  show  very  large  ratios  of  relative  efficien¬ 
cies  for  different  M  such  as  1:18:50  for  Ar:C>2:0  .  Extrapolated 
values  at  300  K  (Reference  19-32)  of  1.3  x  10-31  for  M=  O2  using 
a  T~2*  5  dependence  and  of  2.  5  x  10“30  for  vi  =  o  using  a  T"3  de¬ 
pendence  seem  impossibly  high.  Yet,  most  temperature  depen¬ 
dence  studies  of  recombination  reactions  near  300  K  have  given  a  T"  n 
dependence  with  n  from  2  to  3.  5,  in  qualitative  agreement  with  the 
n's  found  for  the  most  efficient  third-body  species  at  high  tempera- 

fur  oe  T  rv  Kr  ir>«  f  K  nr  a  rl  a  f  Q  i  ntrt  nntnnwf  f  V»  or  o  ^  Uitrrv  f  a  Kn  O 

vw«  >  V  «-*  *■  -  »>2  *.**^^v»  V".  A  ••  vv  U  »*■  V  VM  V*  V  <1  1.W  SA  •>•<*  r  U  w  V  V  ■— 

temperature  range  withinthe  500  to  2000  K  inter  val  where  n  decreases 
greatly.  Careful  studies  are  needed  which  overlap  the  lower  part 
of  this  temperature  interval.  For  the  present,  Campbell  and  Thrush's 
(Reference  19-321  3.  0  x  10*33(T/300)-2-  9±0.  4  or  2.  8  x  10"34 
exp  (+1 . 4/RT),  c  =  -  700,  will  be  adopted  for  M  =  N2  for  the  range 
190  to  400  K  and  3.9  x  10"  34(  T/3000)"2,  3±0.  5  (iqeference  19-32)  for 
M  -  O2  (and  N2  )  lor  the  range  2500  to  5000  K. 
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19.4  BRIEF  DISCUSSION  OF  OTHER  REACTIONS 
19.4.1  The  O  +  NO  System 

In  the  presence  of  NO  ,  O-atoms  undergo  three  reactions:  the 
overall  three- body  recombination  O  +  NO  +  M  -  NO2  +  M  ;  the  con¬ 
current  chemiluminescent  recombination  O  +  NO  -  NO2  +  hi;  ;  and 
the  reaction  with  the  product,  NO2  ,  of  the  first  two  reactions,  O  + 
NO2  -*  NO  +  O2  .  The  chemical  equations  are  not  meant  to  imply 
that  the  processes  occur  in  single  kinetic  steps  as  there  is  good  ex¬ 
perimental  evidence  that  they  do  not.  Nevertheless,  the  equations 
properly  represent  the  kinetic  orders  of  the  first  and  third  reactions 
over  the  pressure  range  0  to  10  torr  and  that  of  the  second  at  least 
from  0.  1  to  10  torr.  The  behavior  of  the  chemiluminescent  reaction 
below  0.  1  torr  is  still  in  some  doubt,  although  recent  work  favors  a 
fall-off  in  the  second-order  rate  constant  below  about  0.05  torr  and 
a  possible  return  to  second-order  behavior  below  1  0"  3  torr. 


For  O  +  NO  +  M  -*  NO?_  +  M(AE°  =  -71. 76  kcal  =  -3.  11  eV)  there 
is  very  good  agreement  on  the  rate  constant  among  several  studies. 
For  M=  N£  at  300  K,  Klein  and  Herron  (Reference  .19-33)  find 
(1.03  ±0.  04)  x  1 0“ 3* ,  Kaufman  and  Kelso  (Reference  19-34)  find 
( 0.  °3  x  0.  13)  x  1 0” 3^ ,  and  F ord  and  Endow  (Reference  19-35)  find 
0.83  x  10-31.  For  its  temperature  dependence,  Reference  19-33 
reports  a  negative  activation  energy  of  1.93  ±0.  1  kcal  which  corres¬ 
ponds  to  a  1  dependence.  Clyne  and  Thrush  (Reference 

1 9-3 6)  report  an  exp  |_±(  1 . 8  ±  0.  4)/RT],  c=  -910  ±200,  dependence 
for  M  =  O2  corresponding  to  T-3*  3±0.  8,  An  estimate  of  (1. 0  ±  0.  1) 
x  10“31(T/300)-2-  5*0.  3  for  M  -  ,  and  (7  ±2)  x  10-32(T/300) -4,5±0.3 

for  M  =  C>2  is  made,  but  further  work  on  the  temperat  jre  dependence 
is  in  progress. 


The  third  reaction,  CH  NO2  —  NOn  C>2 (  £ E°  -46,  22  Jv  1  -2.00  e V  ) 

is  very  fast  (though  considerably  slower  than  the  N  t  NO  reaction 
in  the  previous  section)  and  is  often  used  to  "titrate"  O-atoms  in  flow 
systems.  Its  much  greater  speed  than  the  three-body  O  +  NO  +  M 
reaction  in  the  1-torr  pressure  range,  tends  to  keep  the  NO  concen¬ 
tration  constant  and  thereby  makes  the  chemiluminescent  intensity 
emitted  by  the  second  reaction  depend  on  the  O-atom  concentration 
in  a  single  experiment  (Reference  19-2).  Its  rate  constant  at  298  K 
was  reported  as  (2.  3  ±  0.  7)  x  10-^2  by  Phillips  and  Schiff  (Reference 
19-2  3),  and  as  ( 5.  5  ±0,6)  x  10“  ^  2  by  Klein  and  Herron  (Reference 
19-3  1).  The  latter  authors  also  measured  its  temperature  depen¬ 
dence  between  278  and  3  74  K,  finding  an  activation  energy  of  1.1  ±0,2 
kcat.  The  reaction  leads  to  appreciable  vibrational  excitation  of  the 
product  O7  molecule,  but  its  quantitative  extent  is  still  in  doubt. 
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The  temperature  dependence  of  the  rate  constant  has  been 
measured  by  two  more  groups.  Smith  (Reference  19-37)  reports 
k  =  1,8  x  lO'1^  C(  -  0.  7  ±0.  45)/RTJ,  c  =  350  ±230,  and  W  estenberg 
and  deHaas  (Reference  19-38)  find  1.6  x  10" ^  exp  (-0.  6/RT),  c  =  300. 
The  latter  expression  is  now  preferred  although  it  differ s  only  slightly 
from  the  earlier  recommendation  of  2.  8  x  10"31  exp  (-1.  l/RT),  c  •• 
550. 


The  spectrum,  rate  constant,  and  temperature  dependence  of  the 
chemiluminescent  recombination  are  reasonably  well  known.  The 
spectrum  extends  from  3975A,  corresponding  to  the  full  energy  of  the 
reaction,  to  about  14,  000  A,  and  has  maximum  intensity  near  6000  A. 

It  appears  to  be  continuous,  but  has  small- intensity  fluctuations 
which  correspond  to  the  strongest  features  of  the  complex  absorption 
spectrum  of  NO2  •  There  is  thus  little  doubt  that  the  same  electroni¬ 
cally  excited  state  is  involved  in  the  O  1  NO  emission  and  in  NO? 
absorption  (and  fluorescence),  as  is  further  indicated  by  similar, 
slight  spectral  shifts  with  pressure  of  the  two  emissions  (References 
19-39,  19-40),  The  rate  constant,  integrated  over  all  wavelengths, 

was  found  to  be  6.4  x  10*  (M  =  O2  1  T  =  296  K)  by  Fontijn, 
Meyer,  and  Schiff  (Reference  19-41),  and  its  temperature  dependence 
was  variously  found  to  be:  t-2.8±0.8  by  Clyne  and  Thrush  (Reference 
19-36);  T-  * •  55±0.  3  piartunian,  Thompson,  and  Hewitt  (Reference 
19-42)  at  T  =  500  to  1100K;  and  T*2-  °-°-  3  by  Parkes  and  Kaufrnan 
(Reference  19-43)  at  T  =  140  to  380  K.  A  total  chemiluminescent 
rate  constant  of  [(6.2  -  1 , 0)  x  10*  (  T /  3 0 0 ) -  2>  6-tO.  5  recommended. 

Further  work  on  the  effect  of  different  M  and  of  the  hehavior 
at  low  pressure  (10-<1  to  10”  1  torr)  is  needed  to  settle  the  question 
whether  the  radiation  comes  mostlv  from  the  initial,  unstabilized 
collision  complex  (which  would  lead  to  second-order  pressure  depen¬ 
dence  if  the  collisional  quenching  of  the  electronically  excited 
state  is  much  faster  than  vibrational  de- excitation  within  that  state) 
or  from  coii isionaiiy  stabilized  excited  NO2  • 

The  question  of  the  pressure  dependence  and  detailed  mechanism 
of  the  chemiluminescent  recombination  of  O  arid  NO  is  nearing 
solution.  Various  studies  have  confirmed  the  fall- off  of  its  rate  con¬ 
stant  at  low  pressures;  and  work  by  Keyser,  Kaufman,  and  Z  ipf  ( Refer¬ 
ence  19-44)  suggests  that  vibrational  relaxation  of  electronically 
excited  NO2  is  of  major  importance  in  the  chemiluminescence.  This 
leads  to  the  prediction  of  an  irt  educible .  second-order  component  of  the 
rate  constant  at  low  pressure  due  to  radiation  from  unstabilized  NO?  . 


19-11 


DNA  1948H 


19.4,2  The  H  +  O2  System 

Although  H  is  not  a  major  constituent  of  the  normal  or  slightly 
perturbed  upper  atmosphere,  the  following  reactions  are  included 
here  because  they  represent  an  efficient  path  for  the  recombination 
of  O-atoms,  due  mainly  to  the  much  larger  recombination  rate  con¬ 
stant  of  H  +  02  +  M  than  of  O  +  02  +  M  .  Thus,  the  first  step,  H  + 

Oz  +  M  -  H02  +  M  (AE°  =  -46  ±2  kcal  =  -2.  0  ±0.  1  eV),  is  followed 
by  the  fast  bimolecular  steps,  HO^  +  O  -»  OH  +  O2(AE0  =  -55,4  ±2 
kcal  =  -2.4  +  0.  1  eV),  and  OH  +  O  -  02  +  H  (AE°  =  -16.  6  ±0.  5  kcal 
=  -0.  72  ±0.  02  eV)  which  result  in  the  regeneration  of  II  and  the  over¬ 
all  recombination  of  two  O-atoms. 

The  firs*-  reaction  was  studied  by  Clyne  and  Thrush  (Reference 
19-45)  who  reported  a  rate  constant  of  (2.  2  ±  0.  2)  x  10"^2  for  M  - 
Ar  and  He  ,  and  (5  ±2)  x  10”^  for  M  =  H20  .  For  M  =  N2  one  can 
estimate  (5  4  2)  x  10“^  on  the  basis  of  several  studies  of  II2  -  02 
explosion  limits  (Reference  19-46)  on  the  doubtful  assumption  that 
different  gaseous  M  affect  «.he  rate  constant  but  not  its  temperature 
dependence.  It  is  also  surprising  that  He  and  Ar  were  equally  ef¬ 
ficient  in  Reference  19-45,  whereas  most  explosion  studies  find  He 
about  1 . 8  to  2  times  more  efficient  than  Ar.  Combining  all  reported 
data  from  250  to  800  K,  Reference  19-45  finds  a  T"l*  840.  7  depen¬ 
dence.  A  value  of  (5  ±2)  x  10~^2  { T/  300)“^*  5  ;s  recommended 

for  M  =  N2  . 

Indirect  evidence  is  cited  in  Reference  19-47  that  the  O  +  H02 
reaction  is  fast  and  second-order,  and  a  rate  constant  cf  >10"^ 
can  be  estimated. 

The  iast  of  the  three  steps,  OH  +  O  -  H  +  02,  is  also  discussed 
in  Reference  19-47.  It  is  a  very  fast,  second-order  reaction  with  a 
rate  constant  of  (5  4  2)  x  10-1  1  near  300  K.  It  cannot  have  an  appreci¬ 
able  activation  energy  (E<0,  5  kcal),  but  may  have  a  T^*  ^  depen- 
de  nee. 

Recent  work  on  H  4  02  +  M  is  reviewed  by  Baulch,  Drysdale, 
and  iHoyd  (Reference  19-48)  and  by  Kaufman  (Reference  19-49).  The 
former  reviewers  recommend  4.4  x  10"^^  exp  (+1 . 0/RT),  c  =  -500, 
for  M  =  Ar  and  about  twice  that  for  M  -  N2  . 
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19.4.3  Other  Neutral  Reactions  (List  ir  Chapter  24) 

Among  the  atom  r  ecombinationreactions  there  is  still  a  surprising 
lack  of  agreement  on  the  rate  constant  (d[N2J/dt  =  k[N]2  [m])  of 
N  +  N+  M->N2+M  where  values  from  7  to  17  x  10-33  are  cited  in 
a  review  by  Barth  (Reference  19-50),  Two  additional  values  are 
(11.3  ±1.0)  x  10-*3  (Reference  19-51)  and  3.  6  x  10"  3  3  (Reference 
19-31)  for  M  =  N2  ,  T  =  300  K,  The  latter  authors  also  report  a 
rp-2.  0x0.  4  dependence. 

A  summary  of  all  available  high-temperature  shocktube  work  by 
Baurer  (Reference  19-52)  suggested  a  value  of  4. 6 x  10" 33( t/ 3000) ~ 
for  M  =  N2  ,  This  again  points  up  the  discrepancy  with  low  tempera¬ 
ture  work  as  it  would  provide  a  rate  constant  at  300 K  which  is  one  to 
two  orders  of  magnitude  too  large. 

In  the  temperature  range  99-600  K,  Clyne  and  Stedman  (Reference 
19-53)  report  7  x  10"^  exp  (+i .  0/ RT),  C--500,  and  Campbell  and 
Thrush  (Reference  19-54)  find  8.  3  x  lO"3^  exp  (+1.  0/RT),  c  =  -500, 
for  N  +  N  +  N2  -*  2N2  .  An  average  of  the  two,  7.  6  x  10~  ^exp(+l,0/RT), 
c  =  -500,  is  recommended. 

For  N  +  O  +  M  -  NO  +  M  ,  older  work  (Reference  19-50)  gives 
5  to  16  x  1  0"  33  at  T  -  300  K  for  M  -  N2  ,  whereas.  Reference  19-31 
reports  11  x  10"33  (T/300)"0*  5±0*2  or  6.  9  x  10"33  exp(+0.  3/RT), 
c  -  -  150. 


The  reactions  O  +  NO  -  02  +  N  and  O  +  N2  -*  NO  r  N  are  the 
reverse  of  previous  reactions  and  they  are  therefore  h’ghly  endo¬ 
thermic  and  unlikely  to  be  important  except  at  hightemperatures,  F or 
this  reason,  the  forward  reaction  rates  previously  mentioned  have 
been  combined  with  simple  expressions  for  the  equilibrium  constants, 
K  =  A  exp(B/RT),  which  represent  least- squares  fits  to  the  JANAF 
Th.n  mocheniical  Values  for  the  range  T  =  1000  to  5000  K.  The  re¬ 
sulting  expressions  are  (5.  3  ±1.1)  x  10"*2  exp  [-{40.  1  ±0.  4)/RTj, 
c  -  20,  200  ±  200 .  for  O  +  NO  -  Oz  +  N,  and  (1.0  ±  0.  3)  x  10"  10 
exp  [-(75.  3  ±  0.  5)/RT],  c  --  37,  tsQO  ±  300  for  O  +  N2  -  NO  +  N  . 

The  two  reactions  of  O  with  N20  which  produce  2  NO  or  N2  + 

02  are  known  to  have  large  activation  energies  and  are  unlikely 
to  be  important  except  at  high  temperatures.  Some  of  the  experi¬ 
mental  evidence  is  reviewed  in  Reference  19-2,  The  expression  for 
the  first  reaction  by  Fenimore  and  Jones  (Reference  19-55)  of  (1.  5  ± 
0.  5)  x  10‘10  exp  [-(28  ±3)/RTj,  c  =  1 4,  000  ±  1  500,  (d[NOj/dt  = 

2k i.0  J  f  N2Ol,  seems  to  be  correct  even  though  its  pre- exponential  fac¬ 
tor  is  unusually  large.  The  formation  of  N2  +  02  appears  to  be 
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about  a  factor  of  3  slower,  but  its  rate  constant  is  more  uncertain. 

A  value  of  (5  ±  2)x  10"11  exp  [-(49  ±3)/RT],  c  =  1 5,  000  ±  1  500,  is 
suggested. 

T\n  reaction  of  N  with  NO2  can  apparently  give  four  sets  of  pro¬ 
ducts:  ii)  N20  +  O  ;  (2)  2  NO  ;  (3)  N2  +  Oz  ;  and  (4)  N2  +  2  O  . 
Phillips  and  Schiff  (Reference  19-56)  have  found  the  relative  rates 
of  (1)  to  (4)  to  be  (0.43  +  0.  04):  (.  33  ±0.  07):  (0.  10  ±0.  12):  (0.  13  £ 

0.  1  1),  and  they  report  a  total  rate  constant  of  (1.3  ±  0.  2)  x  10"^ 
at  300 K. 

The  reaction  NO  +  O3  -  NOz  +  02  (AE°  =  -47.  5  kcal  ~-l.  1  eV) 
was  investigated  by  Clyne,  Thrush,  and  Wayne  (Reference  19-57), 
who  reported  a  rate  constant  of  9.  5  x  10“^  exp  C-(2.  45  ±  0.  15)/RT], 
c  =  1230  ±80,  in  good  agreement  with  earlier  results. 

Finally,  the  reaction  NO->  +  O3  -»  2  NO  +  02  (or  NO^  +  02)  may  be 
important  at  low  altitude  under  highly  perturbed  conditions.  John¬ 
ston  and  Yost's  (Reference  19-58)  value  of  9.  8  x  10“^  (-7.  0/RT), 
c  =  3500,  is  recommended. 


19.5  CONCLUSIONS 

Rate  constants  for  some  of  the  reactions  discussed  are  listed  in 
Table  19-1.  Several  conclusions  can  be  reached  from  the  preceding 
sections:  (1)  The  general  field  is  a  very  active  one,  most  of  the  rele¬ 
vant  work  dating  back  only  a  few  years,  on  the  average.  (2)  For 
most  of  the  principal  neutral  reactions  of  aeronomic  interest,  rate 
constants  are  fairly  well  known,  especially  near  300  K.  (3)  Greatly 
increased  experimental  effort  appears  to  be  needed,  however,  in  two 
distinct  areas:  (a)  Many  of  the  important  steps,  especially  simple  re¬ 
combination  processes,  must  be  studied  over  wider  temperature 
ranges,  i.  e.  ,  from  about  100  to  1 000  K,  where  possible,  in  order 
to  clearly  establish  the  functional  form  of  the  temperature  depen¬ 
dence,  resolve  the  existing  discrepancies  with  shocktube  work,  and 
accurately  measure  activation  energies  where  they  exist;  and  (b)  in 
many  of  the  reactions,  tne  role  of  internal  excitation  in  the  reactants 
or  products  mu.,;.  be  established,  i.  e. ,  steps  should  be  taken  to  pro¬ 
ceed  from  studies  of  overall  rates  to  those  of  detailed  molecular 
dynamics.  Excellent  beginnings  have  been  made  in  these  fields,  and 
one  may  hope  that  the  near  future  will  bring  solutions  to  such  prob¬ 
lems  as  the  formation,  quenching,  and  reactions  of  0(^D  and  *S), 
02(b1£^  and  a  *A  ),  vibrationally  excited  02  or  N2,  and  the  like. 
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While  some  of  these  species  and  their  reactions  are  discussed  sepa¬ 
rately  in  Chapter  20,  their  intimate  relationship  with  the  overall 
field  of  neutral  reactions  should  not  be  overlooked. 

The  general  field  of  elementary  reactions  which  are  of  interest 
to  DNA  has  remained  a  very  active  one.  A  welcome  by-product  of 
this  activity  has  been  the  considerable  effort  which  has  gone  into 
the  preparation  of  thorough  reviews,  some  of  them  on  a  major  con¬ 
tinuing  basis.  These  include  the  NSRDS-NBS  series,  the  British 
series  by  Baulch  and  co-workers  at  Leeds,  the  review  by  Schofield 
(Reference  19-59),  the  proceedings  of  I.  A.  G.  A.  Symposium  No.  8 
(Can.  J.  Chem.  47,  No.  1 0  ( 1969))  and  its  precursor,  and  many  specific 
reviews  it.  series  such  as  Annual  Reviews  of  Physical  Chemistry, 
Progress  in  Reaction  Kinetics,  Advances  in  Chemical  Physics,  and 
others. 
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(7.6±2)[-34]  -<5.0±2.0)C2] 


Table  19-1.  (Cont'd.) 
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20.1  GENERAL  CONSIDERATIONS 

This  chapter  discusses  the  internal  degrees  of  freedom  of  atoms, 
ions,  and  molecules,  including  the  mechanisms  of  production  of  ex¬ 
cited  species  and  the  ways  in  which  the  energy  is  contained  in  exci¬ 
tation  and  distributed  through  collision.  Emphasis  is  placed  on  the 
description  and  interrelation  of  such  interactions  in  all  areas  which 
involve  atoms,  ions,  and  molecules  in  those  excited  states  likely  to 
be  important  in  atmospheric  processes.  In  the  laboratory,  as  well 
as  in  the  quiescent  and  disturbed  atmospheres,  it  is  often  difficult 
to  recognize  and  separate  the  effects  of  excited  species,  and  for  a 
long  time  it  was  expedient  to  assume  that  the  excited- state  reactions 
were  subsidiary  toground-state  reactions.  However,  it  is  now  recog¬ 
nized  that  in  both  the  laboratory  and  the  atmosphere  small  numbers 
of  excited  species  can  have  large  effects  on  total  reaction  rates  and 
upon  steady- state  conditions. 

The  experimental  methods  used  in  excited- state  studies  are  not 
described  specifically  within  this  chapter.  Some  of  these  techniques 
prp  Hi  soil?  in  Chapter  7  and  additional  information  iz  given  in 
Table  2  cf  Reference  20-1.  Special  mention  should  be  made  of  ma¬ 
terial  contained  in  a  review  on  excited  nitrogen  by  Wright  and  Wink  ¬ 
ler  (Reference  20-2),  Elsewhere  in  the  present  chapter,  section 

20.2  examines  the  lifetimes  and  energies  contained  in  the  various 
excited  atmospheric  species,  and  in  section  20.  3  some  excitation 
and  deexcitation  results  for  the  more  important  atmospheric  species 
are  presented.  In  section  20.4  a  more  complete  list  of  pertinent 
rate  constants  and  cross  -  sections  is  given.  Throughout  this  chapter, 
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an  asterisk  (■■■)  is  used  to  refer  to  electronically  excited  species, 
which  for  molecules  may  also  include  vibrational  and  rotational  ex¬ 
citation.  Vibrational  excitation  (including  possible  rotational  exci¬ 
tation)  as  opposed  to  electronic  excitation,  is  denoted  by  i  , 


20.2  LIFETIMES  OF,  AND  ENERGY 
STORED  IN,  EXCITED  STATES 

It  is  necessary  to  distinguish  between  the  effective  lifetime,  T  , 
which  allows  for  collisional  deexcitation,  and  the  collision-free 
radiative  lifetime  of  the  excited  species,  T Q.  These  two  lifetimes 
are  simply  related  through  the  reactive  collision  frequency  (kn)  : 


T*  ,  ]/  ,  *'  , 

A1i  ' 


(20-1) 


where  kj  is  the  rate  constant  (cm^  sec'l)  by  which  the  excited  atom, 
ion,  or  molecule  inelastically  scatters  from  another  atom,  ion,  elec¬ 
tron.  or  molecule  of  number  density  nj  (cm--*). 

Much  of  what  is  known  about  the  radiative  lifetimes  of  the  longer - 
lived  species  is  summarized  in  Table  20-1.  These  values  are  be¬ 
lieved  to  be  the  best  presently  available,  although  some  are  contro¬ 
versial. 

Figures  20-1  and  20-2  comprise  energy- level,  diagrams  for  those 
levels  of  interest  in  upper  atmospheric  chemistry.  In  energy-trans- . 
f ct r  reactions,  energy  resonance  nr  near  resonant1,  may  play  some 
part  depending  upon  the  details  of  the  potential-energy  surface 
associated  with  the  interaction  considered  (References  20-3  through 


20.3  THE  EXCITATION  AND  DEEXCITATION 
OF  SPECIFIC  STATES 

In  this  section  some  of  the  literature  is  considered,  whichisrele- 
vani  t c.i  an  understanding  of  the  role  played  by  specific  excited  atoms, 
tons,  and  molecules  in  the  quiescent  and  disturbed  atmospheres  and 
in  the  laboratory.  This  subject  is  also  covered,  at  least  in  part,  in 
papers  by  Hunter  and  McElroy  (Reference  20-42),  Bates  (Reference 
20-4  i),  Musrhlttz  (Reference  20-44),  Gilmore,  Bauer,  and  McGowan 
( R  i.'fe  r  v  ice  2  0-  6  V  *nd  Donovan  and  Hudson  ( Reference  20-45)  in  re  view 
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articles  included  in  a  special  supplement  on  chemical  lasers  (Refer¬ 
ence  20-46);  in  the  aforementioned  review  of  active  nitrogen  (Refer¬ 
ence  20-2);  and  in  books  by  Chamberlain  (Reference  20-47)  and  oth¬ 
ers  (References  20-10,  20-48  through  20-52). 

20.3.1  Nitrogen 

20.  3.  1.  1  VIBRATIONAL  EXCITATION  AND 
DEEXCITATION  OF  THE  GROUND 
ELECTRONIC  STATE 

An  appreciable  fraction  of  the  energy  deposited  in  the  atmosphere 
finally  comes  to  rest  in  vibrational  excitation  of  nitrogen,  either 
through  radiative  decay  of  higher  ~  lying  excited  states  (Reference 
20-37),  e.  g.: 

N2(A  3Lu  ,  v')  -  N2(X  XLg  ,  v")  +  hu  ,  (20-2) 

chemical  reaction  (References  20-53,  20-54),  e.g.: 

NO(X  2m  +  N(4S°)  •  N2(/  1  rj  ,  v  >  ft)  r  0(5P)  ,  (20-3) 

energy  transfer  (References  20-42,  20-55  through  20-58),  e.g.: 

0(1D)  +  N2(X  v  =  0)  -  0(3P)  +  N2(X  ,  v£l),  (20-1) 

or  resonance  excitation  under  electron  impact  (References  20-59, 
20-60),  e.g.: 


N>(X  ,  v)  +  e  -  N2(2n,  v')  -  N2(X  ,  v")  +  o  .  (20-5) 

The  latter  process  is  very  efficient,  with  a  cross-section  approaching 
6x10'^  cm2  at  its  maximum  (Reference  20-61),  These  cross- 
actions  have  been  integrated  over  a  Boltzmann  distribution  by  Abra¬ 
ham  and  Fisher  (References  20-62,  20-63),  and  the  results  are  pre¬ 
sented  in  Figure  20-3  (from  Fisher).  (See  also  6ii,  Reference  20- 
84.  for  simiiar  results.  ) 

A  number  of  chemical  reactions  have  been  reported  in  which 
vibrational  ly  excited  products  have  neen  ident it ied  ( References  20-6, 
20-65  through  20-67),  but  reaction  (20- ?)  is  the  only  one  thus  far 
studied  in  detail  (References  20-5  3,  20-  54)  which  gives  N'2  as  a 
product. 
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The  quenching  of  O(^D)  by  N2  .  reaction  (20-4),  can  be  a  very  ef¬ 
ficient  source  of  vibrationally  excited  nitrogen  even  though  the  curve¬ 
crossing  mechanism  does  not  permit  more  than  ore  or  two  quanta  of 
N2  vibrational  energy  per  O(^D)  quench.  Hunten  and  McElroy  (Refer¬ 
ence  20-42)  have  pointed  out  that  whereas  O(^D)  is  readily  quenched 
hy  energy  transfer  to  N2  ,  O(^S)  is  not,  even  though  it  is  nearly 
resonant  with  v  =  16. 

The  vibrational  excitation  of  nitrogen  through  inelastic  resonance 
collisions  of  electrons  has  been  examined  experimentally  by  Schulz 
(Reference  20-59),  by  Golden  (Reference  20-68),  and  by  others.  The 
cros s -  section  for  this  reaction  has  been  measured  and  calculated 
with  good  agreement,  but  the  reverse  quenching  cross-sections  have 
been  obtained  only  from  the  theoretical  study  by  Chen  (Reference 
20-60).  Green  et  al  (References  20-69,  20-70)  have  used  these  and 
similar  excitation  data  to  calculate  in  detail  the  fractions  of  the  energy 
from  30-kev  incident  electrons  going  into  vibrational  and  into  elec¬ 
tronic  excitation.  (Note  an  error  in  the  vibrational  excitation  in  the 
latter  work.  )  Quenching  has  also  been  observed  experimentally  (Refer¬ 
ence  20-7 1 ). 

The  quenching  of  vibrationally  excited  molecules  through  energy 
transfer  to  the  vibrational  levels  of  other  molecules  (Vihrat.ion- 
Vibration,  VV)  or  to  kinetic  energy  (  Vibration- Translation,  VT)  is 
thought  to  be  well  understood  (References  20-72  through  20-75).  The 
N’2  ( 1  —  0)  transition  at  room  temperature  requires  nearly  10^0  col¬ 
lisions  to  transfer  the  one  quantum  of  vibrational  energy  to  kinetic 
energy  (Reference  20-73).  For  relaxation  by  atom  exchange  (Refer¬ 
ences  20-76  through  20-79): 

N — N*  +  N  -  N  +  N — N  ,  (20-6) 

or  by  resonance  energy  transfer  (Reference  20-73),  the  number  of 
required  collisions  is  considerably  less.  The  probability  of  vibra¬ 
tional  energy  transfer  increases  with  increasing  temperature  or  de¬ 
creasing  vibrational  energy  difference.  Usually  the  process  of  deac¬ 
tivating  higher  levels  is  a  step-by-step,  ladder-descending  process, 
so  that  a  molecule  put  in  a  high-lying  vibrational  level  may  react 
before  all  its  energy  is  equipartitioned.  For  most  conditions 
Av  =  ±  1  but  for  %'ery  high  levels  and/or  high  kinetic  temperatures 
it  js  likely  that  A  v  >  1  (References  20-80,  20-81).  Taylor  and  Bit- 
terman  have  reviewed  those  VT  and  VV  processes  relevant  to  C.O2 
laser  action  (Reference  20-82),  For  many  more  molecules,  the  VT 
data  are  summarized  by  Millikan  and  White  (Reference  20-83). 
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The  near- resonant  transfer  of  nitrogen  vibrational  energy  to  the 
electronic  states  of  atoms  and  molecules  depends  quite  sensitively 
on  the  potential-energy  surfaces.  Hunten  (Reference  20-84)  has  ar¬ 
gued  that  excitation  of  the  sodium  D-line  in  low  aurorae  (<  100  km) 
is  likely  to  be  the  result  of  energy  transfer  from  vib  rationally  excited 
nitrogen.  This  reaction  has  been  observed  in  the  laboratory 
(Reference  20-85)  and  the  cross-section  has  been  measured  as  10*  ^ 
cm^  (Reference  20-86),  altnough  it  is  doubtful  that  vibrationally  ex¬ 
cited  nitrogen  exists  below  the  turbopause  (Reference  20-56).  The 
cross- sections  for  energy  transfer  from  excited  alkali  metal  atoms 
to  the  vibrational  modes  of  nitrogen  have  been  calculated  by  Fisher 
and  Smith  (Reference  20-87). 

The  degree  of  vibrational  excitation  significantly  affects  certain 
reaction  rates,  the  most  important  of  wh.ch  probably  is  the  exother¬ 
mic  reaction: 

N?*(X  ^g,  v)  r  0+(4S)  -  NO+(X)  +  N(4S)  ,  (20-7) 

which  depends  sensitively  upon  the  vibrational  level  of  the  nitrogen 
molecule  (References  20-88,  20-89).  From  the  work  of  Schmelte- 
kopf  et  al  (Reference  20-89),  Thomas  and  Norton  (Reference  20-90), 
O'Malley  (Reference  20-91),  and  Walker  et  al  (References  20-57, 
20-58),  one  can  infer  that:  (1)  The  electron  density  in  the  F-region 
is  affected  by  the  nitrogen  vibrational  tempera'ure  through  the  con¬ 
version  of  atomic  ions  with  low  electron-ion  recombination  coefficients 
to  molecular  ions  with  large  recombination  coefficients,  mainly 
by  reaction  (20-7).  (2)  A  decrease  in  electron  densirv  for  a  highly 

disturbed  atmosphere  is  to  be  expected  when  the  effective  vibrational 
temperature  is  high.  This  probablv  occurs,  for  example,  in  the  rod 

C  U_C  C  /—  1  :i  t  6/^  <  U  n  ciincnot  j  G  0  O  ClUT  OTuC  o  •  *-» 

the  atmosphere  disturbed  by  a  nuclear  burst  (  References  20- 92,  20- 
95). 

In  Table  20-2,  some  of  the  energy-transfer  rate  ccns'ants  of  in¬ 
terest  to  this  chapter  are  listed.  The  values  quoted  are  usually  for 
bulk  reaction  coefficients  and  are  normally  related  to  the  specific 
value  of  v  =  }  ,  except  for  the  reaction  -  ClT  ,  treated  separately 
in  Table  20-3, 

Data  for  vibrational-translational  energy  transfer  are  usually 
presented  as  a  rcdaxatioi  - V me  pressure  rr  oduct  pT  ,  where  T  re¬ 
fers  to  the  e-folding  time  v!  the  vibrational  energy,  {  ,  according 
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to  the  classical  equation; 

dc/dt  =  [f  (equil)  -  ej  ,  (20-8) 

at  constant  translational  temperature  in  the  absence  of  sources.  The 
rate  constant  for  deactivation  of  the  first  vibrational  level  kjQ  is  re¬ 
lated  to  T  by  (see  Reference  20-97,  for  example): 

k1Q  M  =  [t  ( l  -  e-ht'/kT}]-1  ,  (20-9) 

where  M  =  number  density  of  collision  partner  (at  pressure  p  ),  and 
hv  is  the  vibrational-energy- level  spacing.  The  data  of  Table  20-2 
have  been  used  in  conjunction  with  the  C1RA  1965  Atmosphere  (Refer¬ 
ence  20-98)  to  calculate  the  loss  rates  for  N*  pertinent  to  the  atmo¬ 
sphere,  as  presented  in  Figure  20-4. 

20.  3.  1.2  EXCITATION  AND  DEEXCITATION 
OF  THE  (A  3I  +  )  STATE 

The  (A  3£^)  state  at  6.  1  eV  is  the  lowest  electronic  metastabie 
state  of  the  nitrogen  molecule,  and  as  yet  no  significant  reactions  in 
the  upper  atmosphere  have  been  ascribed  to  it,  even  though  it  is 
found  to  have  a  lifetime  near  two  seconds  (Reference  20-15).  It  can 
be  populated  through  electron  impact  (References  20-99  through  20- 
103)  and  by  cascade  from  the  higher-lying  triplet  states  such  as  the 
(B  3llg)  at  7.  3  eV  and  the  (C  3I7U)  at  1  1.  1  eV. 

Repeated  measurements  of  the  rotational  temperature  of  the  Ve- 
gard- Kaplan  bands  (A  -X)  of  nitrogen  in  aurorae  have  indicated  a 
rotational  temperature  of  this  diffuse  radiation  to  be  800  K  (Refer¬ 
ence  20-104)  or  higher  (References  20-105,  20-106),  To  be  consis¬ 
tent  with  those  measurements,  it  was  argued  on  the  basi s  of  the  older 
13-second  lifetime  ( Refer ence  20- 1 07)  that  the  radiation  had  to  be 
emitted  from  an  altitude  in  excess  of  220  km,  i.  e.  .  where  kinetic 
temperature  is  800  K.  It  was  also  postulated  that  there  was  no  radia¬ 
tion  from  the  A-state  at  lower  a’tdudes  because  the  A-state  war 
effectively  quenched  by  either  atom  c  or  molecular  oxygen,  which 
would  consequently  have  to  have  large  quenching  rates.  However, 
for  the  same  auroral  displays,  measurements  of  the  rotational  tempera¬ 
tures  of  the  N£  First  Negative  System  (B  -  A)  invariably  gave 
temperatures  between  200  and  600  K,  implying  that  the  aurora  was 
considerably  lower  in  the  atmosphere.  Broadfoot  and  Hunten(Refer- 


20-6 


CHAPTER  20 


ence  20- 1 04)  observed  that  the  distribution  of  vibrational  levels  of 
the  A- state  was  not  consistent  with  that  obtained  either  from  direct 
electron-impact  excitation  of  the  state  or  from  cascade.  It  is  now 
known  (Reference  20-10)  from  rocket  experiments  that  the  (A  —  X) 
emission  comes  from  120-170  km,  consistent  with  the  new  data  for 
both  radiative  lifetimes  and  quenching  coefficients.  Hence,  the  alti¬ 
tude  profile  is  resolved  but  the  source  remains  in  doubt.  One  reac¬ 
tion  which  should  be  considered  is  the  near- resonant  charge- transfer 
interaction: 

NL,  (X)  +  NO  -  N2(A)  +  NO+  ,  (20-10) 

which  has  a  reaction  rate  constant  in  excess  of  10'^  env*  sec"  * 
(References  20-108,  20-109).  Although  the  concentrations  of  the 
reactants  are  known  to  be  small  in  the  undisturbed  atmosphere,  they 
will  be  increased  in  an  auroral  display.  Furthermore,  it  has  been 
observed  (References  20-110,  20-111)  that  some  charge-transfer 
reactions  which  proceed  through  an  intermediate  complex  lead  to  mole  - 
cular  products  which  have  a  high  (or  poorly  defined)  rotational  tem¬ 
perature. 

Cross- sections  for  electron- impact  excitation  to  the  A  ,  B  ,  W  , 

B'  ,  C  .  E  ,  and  D  states  of  nitrogen  have  been  obtained  by  Cart¬ 
wright  et  al  (References  20-112  through  20-115)  and  were  used  to 
predict  absolute  photon  fluxes  in  eleven  band  systems  of  nitrogen 
under  night-time  auroral  conditions.  Significant  radiation  was  found 
in  the  l-10fim  region.  The  strongest  radiation  was  found  at  2.  7  5, 

3.  33.  and  4.  23  pm  . 

Noxon  (Reference  20-116),  in  agreement  with  Zipf  (Reference 
20-117),  has  shown  that  the  deexcitation  rate  constant  of  (A  ^£u) 
in  collision  with  ground-state  nitrogen  is  small.  It  has  also  been 
observed  (Reference  20-1181  that  nitrogen  atoms  effectively  quench 

(A)  through  atom  exchange: 

N-*-  NZ(A)  -  N2(X)  +  N  .  (20-11) 


Huntcn  and  Me  Elroy  (Reference  20-42)  found  that  only  oxygen  atoms 
could  provide  the  necessary  quenching  in  the  atmosphere.  A  sum¬ 
mary  of  the  available  quenching  data  is  presented  in  Table  20-4. 
Metallic  species  like  Na  ,  Fe  ,  llg  ,  Ba  ,  etc.,  art  also  effective 
quenchers  through  Penning  ionization  (References  20-44,  20-1  19, 
20-120): 


N  (A)  -  M  -  N  (X)  +  M*  +  e  .  (20-12) 

Z  Z 
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40.  3.  1.  3  HIGHER-LYING  STATES 
OF  NITROGEN 

No  attempt  is  made  here  to  review  in  detail  information  on  meta- 
stable  states  of  nitrogen  above  the  (A  J£u)  state,  except  to  note  that 
a  metastablc-  state  at  approximately  8,  5  eV  which  was  observed  by 
Cerrnak  (Preference  20-126)  may  lead  to  associative  ionization: 

N2  +  NO  -  N  NO+  +  e  .  (20-13) 

» 

The  prodner  N^NO '  has  not  been  identified  specifically  in  recent 
ij- region  mass- spectral  studies,  but  may  be  important  as  an  inter¬ 
mediate. 

20.  3.1.4  EXCITATION  AND  DEEXCITATION 
OF  N2  STATES,  PARTICULARLY 
(A  2nu)  ,  (B  2£u)  ,  (4£+)  ,  AND  (4AU) 

The  3914A  band  associated  with  the  (0  -*  0)  (B  -  X)  transition  in 
Nt2  is  o..e  of  the  strongest  in  the  aurora,  twilight  giow,  and  dayglow. 
The  primary  sources  of  the  Nt(B)  state  are  photoionization  by  solar 
radiation,  e.g.: 

N  +  hp  {  >  1 8.  7  eV)  -  N^  (B  2S^)  +  e  ,  (20-14) 

ion. nation  by  energetic  electrons,  e.g.: 

N2  +  e  -  t?  (B  2£^)  +  2e  ,  (20-15) 

excitation  by  slow  electrons,  (Reference  20-127),  e.g.: 

N^  +  e  -  N2  (B  2S^}  4  e  ,  (20-16) 

and  resonance  scattering  of  sunlight  by  ground-state  ions,  e.g.: 

N^  (X)  +■  hP  (>3.  2  eV)  ^  N*  (B  2L^)  .  (20-17) 

Only  the  second  of  these  (20-15)  is  likely  to  be  active  in  aurorae, 
where  the  secondary  electrons  are  produced  by  heavy-particle  bom¬ 
bardment  of  the  atmosphere.  Similar  mechanisms  can  produce  the 
(A  2I1  ()  state  of  the  ion,  although  (as  is  shown  later)  charge  transfer 
from  0+(2D)  with  N2  also  leads  to  A-state  ions  and  possibly  an 
asymmetry  in  the  subsequent  Meinel  radiation. 
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Wallace  and  McElroy  (Reference  20-128)  have  discussed  the rela- 

-I- 

tive  importance  of  the  above  reactions  in  producing  excited  N2  . 
They  show  that  above  100  to  150  km,  resonance  scattering  is  the 
major  source  of  3914A  radiation.  At  low  densities,  reactive  collisions 
involving  either  the  A  or  B  states  of  N-;  are  slower  than  the 
loss  of  excitation  by  radiation.  However,  at  higher  densities  reac¬ 
tions  such  as: 

N+(B  2Z+)  +  Oz(X  V)  =  N2(X  lL+g)  +  02(b  4Eg)  ,  (20-18) 

and: 

N+(A  2nu)  ~  02(X  3S*)  =  N2(X  !£  +  )  +  02(a  4IIu)  .  (20-19) 

may  be  significant.  Both  reactions  are  nearly  energy-resonant  and 
conserve  spin.  However,  even  these  reactions  cannot  greatly  affect 
electron  density  in  laboratory  afterglows  or  the  upper  atmosphere, 
since  both  giarent  and  product  ions  are  diatomic  with  similar  recom¬ 
bination  rates.  The  major  results  of  the  above  charge- transfer 
reactions  would  be  to  produce  additional  02(b~  a)  fir  st  -  negative  radia¬ 
tion  and  metastable  02(a  4FIU)  ions.  Laboratory  experiments  (Refer - 
ences  20-129,  20-130)  have  demonstrated  that  reaction  (20-19)  and 
perhaps  reaction  (20-18)  have  cr^ss- sections  well  in  excess  of  the 
corresponding  process  for  ground-state  ions.  However,  the  charge 
transfer  of  excited  N->  ions  with  N2  has  a  smaller  cross-section 
than  do  ground-state  ions  (References  20-130,  20-131).  This  reflects 
the  fact  that  some  (N-j)  ions  formed  under  electron  impact  around 
the  equilibrium  internuclear  distance  of  the  neutral  molecule  relax 
to  larger  internuclear  distances,  so  that  charge  transfer  is  no  longer 
energy-  resonant. 

The  study  of  collision- induced  dissociation  of  (  TC ^ )  has  proved 
to  be  an  effective  means  of  studying  highly  excited  molecular  ions. 

In  particular,  McGowan  and  Kerwin  (Reference  20-131)  have  iden¬ 
tified  the  metastable  (4£4)  and  (4A)  states  of  N2  which  form  by: 

N2C*£u  or  4A)  +  N2(X  ^g)  =  N 3  +  N  .  (20-20) 

Higher  excited  states  of  N  >  (and  O2)  have  been  identified  in 
some  laboratory  experiments  (Reference  20-131)  where  the  reaction 
time  was  near  3psec.  In  other  experiments  (Reference  20-129) 
where  the  time  between  formation  and  collision  was  nearer  10  jjtsec, 
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these  states  were  not  observed.  Therefore,  the  higher  states  may 
decay  with  a  lifetime  of  less  than  10"  5  sec  and  be  of  less  importance 
mi  the  atmosphere. 

Studies  of  electron- impact  ionization  of  molecular  nitrogen  and 
oxygen  near  threshold  {References  40-132.  20-133)  have  demonstrated 
that  a  Franck- Condon  distribution  of  vibrational  levels  is  not  ob¬ 
tained  because  many  ions  are  formed  indirectly,  via  autoionizing 
states.  The  importance  of  autoionization  can  be  seen  in  the  case  of 
N?(X)  .  where  the  Franck- Condon  factors  for  transitions  from 
N^(X ,  v"  =  0)  to  N£(X,  v')  decrease  by  nearly  an  order  of  magni¬ 
tude  for  each  successive  vibrational  level  of  the  ion,  while  for  elec¬ 
trons  with  energy  not  far  above  tlm  ionization  potential,  Fineman  et 
al  (Reference  20-1  31)  have  demonstrated  that  the  populations  of  the 
v1  =  0  and  v'  -  1  levels  are  nearly  equal. 


20.  3.  1.  5  EXCITATION  AND  DEEXCITATION 
OF  N(2D) 

The  (^D)  states  of  atomic  nitrogen,  which  are  the  upper  states 
of  the  5200A  dayglow,  are  probably  excited  (Reference  20-3  28)  by 
dissociative  recombination: 

NT,  (X  2E*  )  *  e  -  N(2D)  +  N  (20-21) 

NO+(X  )  *  e  -  N(ZD)  +  O  ,  (20-22) 


and  by  ion-atom  interchange: 

\^(I3“E'L)  +  0(3P)  -  NO+(X  1E+)  +  N(ZD)  . 


(20-23) 


\ “  t j |  may  piay  a  vilai  roie  m  the  NO  balance  of  the 
its  major  loss  reaction  (Reference  20-135): 


N{“D)  -  TN  -  NO  *  O 


(20-2-4 1 


i  >  }j  .1 

which  has  a  rate  constant  k  -  6  x  1 0“  **  cm  sec  .  By  comparison, 
the  quenching  of  Ni“D)  hy  molecular  nitrogen  is  slow;  k  =  (3±3)  x  10 
cm’  sec'  ^  ^Reference  20-136). 


llonryet.  al  (Reference  20- Id)  have  calculated  electron  impact  ex¬ 
citation  cross-sections  for  N( 2 D)  and  N(2P)  .  Ali  (Reference  20-o4) 
has  integrated  these  cross-sections  over  a  Boltzmann  distribution  to 
obtain  the  rate  constants  illustrated  in  Figure  20-5. 
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20.3.2  Oxygeo 

20.  3.  2.  1  THE  VIBRATION  ALLY  EXCITED 
GROUND  STATE,  0?  (X3£  j 

^  fc> 

The  cross-section  for  dissociative  attachment  of  electrons  to  oxy¬ 
gen: 


O'.  4  e  -  O'  4  O  , 

I* 


(20-25) 


is  strongly  dependent  uponthe  molecular  oxyger  temperature  (Refer¬ 
ences  20-133,  20-le7,  20-138).  As  the  equilibrium  oxygen  tempera¬ 
ture  is  increased  from  300  to  2100  K.  both  the  energy  at  maximum 
cross-section  and  the  threshold  are  shifted  downward.  O'Malley 
(Reference  20-139),  through  a  muitiparameter  data  fit.  interpreted 
the  results  as  being  due  to  vibrational  excitation  of  the  molecule. 
Chen,  however,  demonstrated  theoretically  that  rotational  excita¬ 
tion  must  also  be  important  (Reference  20-140). 

Other  methods  for  the  production  and  destruction  of  the  higher 
vibrational  levels  of  0?(X  3Lg)  have  been  reviewed  by  Dalgar no  ( Refer  - 
cnce  20-77),  by  Hunten  and  McElroy  (Reference  20-42),  and  by  Dal- 
garno  and  McElroy  (Reference  20-111). 

Rate  constants  for  molecular  oxygen  deactivation  are  given  in 
Table  20-5;  these  data  are  then  employed,  in  conjunction  with  the 
CIRA  1965  atmosphere  (Reference  20-98),  to  calculate  the  effective 
fir st- order  rate  constants  for  vibrationally  excited  0;?(v  =  1) 
deactivation,  illustrated  in  Figure  20-  6.  At  high  energies  ( 1 0-  20  e V), 
vibrational  excitation  by  ion-molecule  collision,  e.  g.: 

0+  4  O,  -  0+  4  O,*  (v  2  1)  ,  (20-26) 

has  been  observed  (Reference  20-141). 

As  shown  by  Schulz  (References  20-144,  20-145),  may  also 

be  excited  by  electron  impact.  The  cross-sections  of  Schulz  have 
been  integrated  over  a  Boltzmann  distribution  by  Ali  (Reference  20- 
64),  whose  results  are  displayed  in  Figure  20-7, 
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20.  i.  2.  2  02(a  ]A„)  AND  (b  3E|) 

Perhaps  the  most  abundant  metastable  state  in  the  upper  atmo¬ 
sphere  is  the  (a^Ag)  state  of  oxygen,  which  is  produced  in  the  D- 
region  by  the  photodissociation  of  oxone  (Reference  20-146); 

Oj  +  hP  (Hartley  continuum'  -  02(a  ^Ag)  +  0(3D)  .  (20-27) 

This  produces  a  density  of  approximately  10^  (a  ^A^)  molecules 
crn"-5  in  Che  normal,  atmosphere  at  altitudes  in  the  vicinity  of  50  km 
(References  20-147,  20-148).  Another  mechanism  which  may  con¬ 
tribute,  particularly  in  the  disturbed  atmosphere,  is  (Reference  20- 
149): 


0(3P)  +  Q3  -  Oz  +  02(a  3Ag)  , 


(20-28) 


with  a  reported  rate  constant k&; 4.  5x  10'^cm  k 
energy  transfer  from  0( 3  D)  may  produce  the 
oxygen  (References  20-150,  20-151): 


st"1.  Collisional 

(:■»  3E*)  state  of 
6 


o(1D)  +  02(X  3E~)  -  0(3P)  +  02(b  3E+  ,  v  s:  2)  .  (20-29) 


Noxon  (Reference  20-151)  observed  the  decay  of  6300A  radiation  and 
the  rise  of  761 8 A  radiation,  thereby  measuring  the  rate  constant 
k  -  9  x  10*  ' 1  cm^  sec*^  .  This  reaction  is  probably  important  in 
aurorae  (Reference  20-152).  Electronically  excited  oxygen  may 
also  be  produced  efficiently  by  the  impact  of  relatively  low-energy 
electrons.  Cartwright  et  al  (Reference  20-113)  have  measured 
(a  3Ag)  ,  (b  JSg)  ,  (c  3E~)  ,  (A  3SU)  ,  and  (B  ?E^)  electron  excita¬ 
tion  cross-sections.  They  find  that  excitation  of  the  (c  3  E  ~ )  and  of 
the  (B  'E,T)  -states  yields  dissociation  :nto  two  C(JP)  atoms  and 
O(^P)  +  0(1  D!,  respectively,  but  produces  little  direct  radiation. 

The  cross-sections  for  excitation  of  (a  3Ag)  and  (b  3Eg)  are  shown 
in  F igure  20-8. 


The  Q2(a  3Aq)  state  is  quite  stable.  Its  behavior  is  documented 
in  a  monograph  (Reference  20-153).  Data  on  Q2(^Ag)  quenching 
have  shown  excellent  agreement,  according  to  the  review  of  Clark 
and  Wayne  ( Reference  20 -  1 54).  The  most  reliable  values  ( excluding 
the  data  of  Reference  20-155)  are  given  in  Table  20-6,  It  is 
obvious  from  these  data  that  molecular  oxygen  is  the  dominant 
quenching  partner  in  the  atmosphere,  a  fact  confirmed  by  Evans'  in¬ 
terpretation  of  O •> ( ’  A  g )  emission  at  1. 27pm  inthe atmosphere  (Refer¬ 
ence  20-148). 
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It  was  suggested  by  Megili  and  Hasted  (Reference  20-161)  in  rela¬ 
tion  to  polar-cap  absorption  events,  and  by  Kummler  and  Bortner 
(Reference  20-162)  with  respect  to  disturbed  atmospheres,  that 
Oo(a  Ailg)  might  be  effective  in  detaching  electrons  from  Og  by: 

°2  +  02(a  XAg)  -  202  +  e  ,  (20-30) 

in  a  deexcitation-detachment  reaction  analogous  to  a  Penning  ioniza¬ 
tion  reaction.  Subsequent  investigations  have  verified  the  rapidity 
of  the  reaction  (References  20-163,  20-164),  which  has  a  rate  con¬ 
stant  k  «s2  x  10"^®  cm3  sec'l,  and  have  indicated  that: 

O'  +  02(  )  -  03  +  e  (20-31) 


is  rapid  as  well;  k  3  10“^®  cm^  sec"  1  . 

Deexcitation-detachment  reactions  are  particularly  significant 
for  the  disturbed  atmosphere,  in  which  anomalously  high  i.  27jim  in¬ 
tensities  are  found,  presumably  due  to  02(*  A  g)  (References  20- 
165  through  20-167),  in  some  aurorae. 

Another  channel  through  which  high  concentrations  of  C>2(a  *Ag) 
may  be  quenched  is  radiative  O2  dimer  formation  (References 
20-153,  20-168): 

2  02(  .  ^g)  £  04*  -  2  02(X3Eg)  +  hp  (6340,  7030A)  .  (20-32) 


The  same  collision  leads  also  to  the  excitation  of  the  (b  l£g)  state 
(References  20-166,  20-169): 


2  02(a  ^g)  -  02(b  lL+g)  +  02(X  3S‘)  . 


(20-33) 


1  + 

Reaction  (20-29)  is  the  dominant  source  of  02(b  Lg)  in  the  atmo¬ 
sphere,  and  molecular  nitrogen  is  the  major  quenching  agent. 
There  is  good  agreement  between  laboratory  results  (kj^  =  1.  5-2.  5 

.153-1  2 

x  10  cm  sec  )  and  the  study  of  Wallace  and  Hunlen  (References 
20-10,  20-170)  in  the  upper  atmosphere  (kjq  ■  1.  5  x  10*^  cm3 

1  2 

3ec  ).  There  is  still  considerable  disagreement  over  the  relative 
effectiveness  of  other  quenchants,  but  molecular  oxygen  appears  to 


{ 
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be  an  order  of  magnitude  less  effective  than  nitrogen  (kn  £  10"*^ 

cm-  sec-1)  (Reference  20-10),  although  the  results  of  Welge  (Refer¬ 
ence  20-171)  \kQ^  ^4.5  x  10"  *  ^  cm^  sec" * )  indicate  that  data  taker 

at  high  pressure  may  be  suspect. 

20.  3.  2.  3  PRODUCTION  AND  DESTRUCTION 
OF  THE  (*S)  AND  ( 1  D)  STATES 
OF  ATOMIC  OXYGEN 

The  (*D)  state  of  atomic  oxygen  yields  the  forbidden  red-line 
radiations  (6300  and  6364A)  which  are  prominent  in  the  aurora  and 
dayglow,  twilight,  and  nightglow.  In  the  dayglow,  the  major  source 
of  0(  1  D)  is  photcdissociation  in  the  Sehumann-Runge  continuum  (Refer¬ 
ence  20-  1  72): 

02  +  hV  (>  7.  1  eV)  -  0(3P)  +  Q{ 1  D)  .  (20-34) 

Evidence  suggests  that  dissociative  recombination  may  be  the 
dominant  source  of  Of*D)  at  night;  a  recombination  rate  constant 
k  =  2.  2  x  10* 7  cn^  sec'*  at  300  K  is  consistent  with  other  available 
data  (Reference  20-128).  Zipf  (References  20-173,  20-174)  studied 
excited-state  formation  from  the  dissociative  recombination  of 
in  afterglows.  His  results  are  given  in  Table  20-7.  Note  that  the 
sum  total  of  Ct  is  equal  to  twice  the  rate  constant  since  each  recom¬ 
bination  electron  .leads  to  two  product  atoms. 

In  1931  Chapman  (Reference  20-175)  suggested  that  0{*S)  may  be 
formed  in  the  nightglow  by  the  reaction: 

3  0(3P)  -  02  +  O^S)  .  (20-35) 

Young  and  Black  (Reference  20-176)  found  the  three-body  rate  con¬ 
stant  I.  -  1.5:;  1C-34  cm^  sec"*  ,  which  is  consistent  with  the  value 
required  by  Chapman's  theory.  They  also  found  the  rate  constant 
k  =  3  x  10~3j  cm^  sec"*  for  the  reaction: 

N(4S)  +  2  0(3P)  -  NO  +  Q(*S)  .  (20-36) 


The  production  and  destruction  of  both  0(  *  D)  and  O(^S)  through 
electron  collisions: 


0(3P)  +  a  -  0( 1  D  or  * S)  +  e  , 


(20-37) 
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have  been  studied  extensively  by  Seaton  (Reference  20-177)  and  ap¬ 
plied  to  atmospheric  problems  by  Hunten  and  McElroy  (Reference 
20-42).  The  letter  authors  conclude  that  below  100  km  neither  exci¬ 
tation  nor  quenching  through  electron  impact  is  important  in  compari¬ 
son  with  other  excitation  and  quenching  mechanisms.  This  is  not 
true,  however,  for  the  lowest  excited  states  of  N  ,  N+  ,  and  0+  . 
For  these  cases  superelastic  quenching  is  likely  to  remain  impor¬ 
tant  even  below  100  km.  In  studies  of  higher  density  plasma  after¬ 
glows  iu  helium,  Ingraham  and  Brown  (Reference  20-178)  showed 
that  superelastic  collisions  play  an  important  role  in  heating  the 
electrons  in  the  afterglow.  Metastable-metastable  collisions  leading 
to  Penning  ionization  are  also  active.  Additional  atomic  excita¬ 
tion  cross-sections  have  been  calculated  by  Henry  et  al  (Reference 
20-179).  Henry's  values  have  been  integrated  over  a  Boltzmann 
distribution  of  electron  energies  by  Ali  (Reference  20- 1>4)  and  these 
results  are  illustrated  in  Figure  20-9. 

Data  from  the  flowing-aftei  glow  experiments  of  Young  and  Biack 
(Reference  20-176)  suggest  that  the  deactivation  process: 

0(1S)+  G(3 P)  -  2  0(1D)  or  0(*D)  +  0(3P)  ,  (20-38) 


has  a  rate  coefficient  k  =  1.8  x  10’* 3  cm3  sec"*  ,  which  would  make 
it  important  in  the  nightglow  (Reference  20-42).  Evans  and  Vallance 
Jones  (Reference  20-180)  found  in  auroral  measurements  chat  the 
effective  lifetime  for  the  green  line  (*S  -•  *  Q)  transition  was  shorter 
than  the  predicted  lifetime.  This  decrease  in  the  effective  lifetime 
is  conf i-r.'ieu  by  the  decreased  intensity  of  the  green  line  relative  to 
that  o'.  the  3914A  line  of  .  It  seems  unlikely  that  Reaction  (20-38) 
could  account  for  the  observed  decrease  in  lifetime,  nor  does  the 


st  irrmlaterl  { *  .s  -*  1  n)  emission  t*6 ported  3,t  high 
(Reference  20-181), 
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From  the  data  gathered  by  Zipf  (Reference  20-10),  as  well  as 
References  20- 136,  20-182,  20-183,  it  appear  s  that  0(  *S)  is  quenched 
primarily  by  molecular  oxygen,  whenever  the  density  ratio 
nC^!nO  id  large  (ko^  -  (2  -  3)  x  10"*3  cm3  sec"*)  .  Quenching  by 
molecular  nitrogen  is  slow  (kxj  <  10"*^  cm3  sec"*)  (Reference  20- 
182);  and  the  only  other  possible  atmospheric  quenchers  are  water 
vapor  (k[q7Q  as  3  x  10"***  cm3  sec"*)  (References  20-184,  20-185) 
and  carbon  dioxide  (kco,  =  3  x  10~*3  cm3  sec-*)  (References  20- 
1  36,  20-183), 
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Considerable  controversy  has  centered  upon  the  rates  at  which 
O(lD)  is  quenched  by  collisions  with  various  atoms  and  molecules. 
Much  of  the  older  data  and  results  are  discussed  in  detail  by  Hunten 
and  McEK'oy  (Reference  40-42),  who  conclude  that  molecular  nitro¬ 
gen  is  the  most  efficient  quencher,  with  a  rate  constant  k  =8  x  10"^ 
cm^  sec"l  .  This  value  is  supported  by  the  work  of  Carleton  et  al 
(Reference  20-186)  and  by  that  of  McGrath  and  McGar  vey  (Reference 
20-187),  who  found  that  the  rate  for  nitrogen  as  a  quencher  ex¬ 
ceeds  that  for  oxyge  i.  This  su'ojecthas  been  reviewed  by  Zipf  (Refer  - 
ence  20-10),  who  concurs  in  the  view  that  nitrogen  is  the  major 
atmospheric  quenchant.  Relevant  quenching  data  are  summarized 
in  Table  20-8,  together  with  the  recommended  quenching  constant 
for  nitrogen.  Cleariy  the  contribution  to  O(^D)  quenching  by  oxy¬ 
gen  is  not  negligible. 


Hunt  (Reference  20-197)  and  Hampson  (P.eference  20-198)  have 
demonstrated  how  very  small  concentrations  of  0(  ^  D)  can  greatly 
affect  the  lower  D- region.  Hampson,  for  example,  showed  that  in 
the  stratosphere  the  free  radicals  OH  and  HO^  are  present  only 
because  of  the  action  of  O(^D)  on  water  vapor.  Hunt  showed  that 
an  ozone  concentration  in  agreement  with  measured  values  could  be 
derived  only  if  several  0(  ^  D)  reactions  involving  hydrogen  and 
water  were  taken  into  consideration,  e.g.: 

0(  3D)  +  H-,  -  OH  +  H  (assumed  k  =  10"11  cm?  sec'1)  .(20-39) 


Hunt  (Reference  20-197)  concluded  that  the  concentration  of  O(^D) 
from  40  io  100  km  lies  between  10^  and  104  cm"’  .  This  value  is 
probably  to  large  because  his  assumed  rate  constants  are  wrong, 
but  the  general  conclusion  that  even  small  concentrations  of  O(^D) 
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taker,  into  account  (References  20-199,  20-200). 
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20.  3.  2.4  PRODUCTION  AND  DESTRUCTION 
OF  0*{2D)  AND  04(2P) 

The  production  of  both  0^(2D)  and  0"*"(2P)  occurs  in  the  dayglow 
through  direct  photoionization: 

0(3P)  +  hy  -  0+(4S,  2D,  or  2P)  +  e  ,  (20-40) 

anc  through  ionization  by  photoelectrons: 

0(3P)  +  e  -  0+(4S,  2D,  or  2P)  +  2e  .  (20-41) 
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Both  excited  states  can  be  destroyed  through  superelastic  collisions 
with  electrons,  or  through  super  elastic,  energy-transfer,  or  reac¬ 
tive  collisions  with  neutral  particles.  The  rate  for  deactivation  of 
ions  through  superelastic  electron  collision  is  large  {Reference  20- 
177),  giving  a  quenching  frequency  in  the  dayglow  of  0.  1  sec*^, 
while  the  transition  probabilities  for  such  states  are  much  smaller. 

In  aurora  the  Meinel  radiation  is  probably  affected  by  the  near¬ 
resonant  reaction  (References  20-201,  20-202): 

0+{2D)4  N2(X  lZg.  v=0)  -  0(3P)4  N2<AZnu,  v=l)  .  (20-42) 


Similarly,  the  cross-section  for  the  near-resonant  reactions : 

o  +(2D)  4  02(x  3£g)  -  0(3P)  4  0^(a  4nu,  v=  7)  (20-43) 

-  0{3P)  +  0^(A  2nu,  ,r=  0)  ,  (20-44) 

are  large  (k  3  x  10"3*3  Cm3  sec-3)  (References  20-129,  20-131). 

Wallace  and  McElroy  (Reference  20-128)  tried  to  match  theoreti¬ 
cally  the  observed  dayglow  emission  of  the  3914A  (B  -X)  transi¬ 
tion  of  N£  .  Using  the  excitation  mechanisms  discussed  above,  as 
well  as  reactions  (20- 14),  (20-15),  and(2C-17),  and  the  loss  reac¬ 
tions  : 


+  e  =  N  4  N  ,  (20-45) 

N  +  O  =  NO+  4  N  .  (20-46) 

and 

N2  +  °2  =  N2  +  °2  *  (20-47) 

a  fit  of  the  data  gives  the  values  of  k^e,,  k^,  and  k47  shown  in  the 
second  column  of  Table  20-9. 

At  twilight  the  first  negative  bands  have  a  high  rotational  tempera¬ 
ture,  suggesting  a  source  of  N^(B)  which  gives  high  rotational  tem¬ 
peratures,  such  as  the  charge  transfer  of  D+(2D)  with  might 
provide.  If  the  rate  coefficient  for  this  charge-transfer  reaction  is 
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taken  as  k  =  2  x  10"^  cm^  sec'^,  Dalgarno  and  McElroy  {Reference 
20-1  li)  found  that  the  reaction  rate  constants  and  k^y  are  not 
greatly  changed,  but  that  k^  must  be  increased  by  a  factor  of  six 
to  giv..  the  measured  39*-4A  emission  data  (see  Table  20-9,  column 
3).  It  is  interesting  to  note  that  this  change  is  brought  about  by 
Ot(“D)  ion  densities  as  low  as  100  cmd, 

20,3.3  Metallic  Ions 

It  has  been  deomonstrated  (Reference  20-203)  that  metallic  ions 
are  present  in  the  D- region.  Since  these  species  are  atomic  and 
will  tend  therefore  to  recombine  slowly  with  electrons  (though  faster 
with  negative  ions),  it  is  important  to  study  their  reaction  rates  with 
the  various  molecular  atmospheric  species.  Ground- state  metallic 
ions,  owing  to  their  low  energy,  will  not  readily  enter  into  charge- 
transfer  or  ion- molecule  reactions.  However,  ions  which  are  in  ex¬ 
cited  states  may  quickly  he  converted  to  molecular  ions  through  ion- 
molecular  reactions,  or  transfer  their  charge  directly  to  molecular 
species.  In  atmospheric  detonations  of  nuclear  devices,  where  tre¬ 
mendous  energy  and  much  metallic  debris  are  deposited  in  the  atmo¬ 
sphere,  a  large  fraction  of  the  metallic  ions  which  are  formed 
may  be  excited.  For  Na+,  Fe+,  Ai'1',  and  a  few  other  metallic  ions, 
Fogel  (Reference  20-204)  and  La.yton  (Reference  20-205)  have  shown 
lhat  excitation  has  a  marked  effect  upon  the  cr oss-secticns  measured 
at  kilovolt  energies.  As  the  ionizing  electron  energy  is  increased  in 
the  ion  source,  so  that  excited  ions  are  added  to  the  beam,  the  total 
measured  cross-section  varies  markedly. 

Observation  of  metallic  ion  populations  have  also  led  to  specula¬ 
tion  about  vibrational  temperatures.  Without  an  elevated  oxygen 
vibrational  temperature  at  1 1 0  km,  Ferguson  et  ai  (Reference  20-206) 
could  not  explain  the  observed  atmospheric  Si^/SiO"^  ratio.  How¬ 
ever,  as  noted  by  Bauer  et  al  (Reference  20-56),  it  is  difficult  to 
reconcile  an  elevated  oxygen  vibrational  temperature  with  known 
O2  deactivation  rates  by  atomic  oxygen. 

20.4  REACTION  RATES  FOR  REACTIONS 
INVOLVING  EXCITED  SPECIES 

The  reaction  rates  and  cross-sections  listed  in  Table  20- 10  repre¬ 
sent  a  considerable  portion  of  the  iiiormation  available  on  excited- 
slate  production  and  destruction  processes  involving  atmospheric 
species.  The  format  of  Chapters  16  through  19  of  this  Handbook  has 
not  beer,  followed  in  the  presentation  of  these  data,  since  their  accuracy 
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and  the  incompleteness  of  most  studies  do  not  permit  it.  The 
temperature  dependence  of  most  reaction  coefficients  is  not  given; 
the  temperature  at  which  the  measurements  were  made  is  gi^en  in- 
st  ad.  Also  included  are  the  general  types  of  experiments  used, 
with  appropriate  references,  in  obtaining  the  data  quoted. 

During  the  compilation  of  Table  20-10,  it  became  clear  that  most 
of  the  information  on  energy  transfer  and  the  excitation  of  long-lived 
excited  atoms,  ions,  and  molecules  is  limited  to  reactions  where 
the  products  are  only  inferred  and  for  which  temperature  dependences 
are  as  yet  unmeasured.  Clearly,  the  detailed  study  of  both  reaction 
products  and  energy  dependences  is  essential  to  future  progress  in 
this  field. 
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"'Note  that  t'ie  rote  constonts  for  VT  from  Reference  20-82  most  be  divided  by  (l-e 
to  obtain  rate  equations  of  the  ccmventional  form. 
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Table  20-4,  Quenching  dafa  for  N^A^E4). 


u.mng  tr,m  reaction  occurs  as  tast  isotopic  exchan; 


Quenching 

Species 

Rote  Constant 
(cm'*  sec”^) 

References 

°2 

2.4  x  10"18 

2.2  x  10‘18 

20-154 

20-156 

2.2  x  10"18 

20-157 

2.0;:  10"18 

20-158 

N2 

-19 

<  1.1  x  10 

20-148 

c°2 

3.9  x  10-18 

20-154 

H„0 

JL 

-17 

1 .5  x  10 

20-154 

Ar 

-19 

*  2.1  x  10 

20-154 

O 

sl.3x  10'16 

20-159 

N 

(2. 8:1:2)  X  10"15 

20-159 

CL 

3 

3  x  lo'15 

20-160 
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figure  ?0-i.  F.nerg,  levels  ofpeit-nent  atoms,  molecules, 
and  metallic  ions. 
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Figure  20-2.  Energy  levels  of  pertinent  ions  obove  these  of 
corresponding  ground-stote  ncutrcl  species. 
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Figure  20-3.  Nitrogen  vibrofional  excitation  rote  constants  as  a  functioi 
of  the  electron  kinetic  temperature  for  300  K  N2  k'netir. 
temperature  (References  20-62,  20-63). 
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AL'-'ITUDE  (M 

Figure  20-4.  Loss  frequences  (sec  ')  for  N2  vibration  os  o 
function  of  a'tilude . 
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figure  2C-9.  Electron-impact  excitation  of  atomic  oxygen 
(Reference  20-64). 
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CHAPTER  21 


21.  ELECTRON  COLLISION  FREQUENCIES  AND 
RADIO -FREQUENCY  ABSORPTION* 

A.V,  Phelps,  Joint  Institute  for  Laborctory  Astrophysics 
(Latest  Revision  26  May  1971) 


21.1  INTRODUCTION 

The  purpose  of  this  chapter  is  to  present  the  data  and  formulas 
required  for  the  calculation  of  the  transmission  of  rad io-frequencv 
energy  through  weakly  or  strongly  disturbed  air  of  known  composi¬ 
tion.  The  data  include  plots  and  tabulations  of  the  energy-dependent 
electron  collision  frequencies  for  the  molecular  and  atomic  compo¬ 
nents  found  inair  at  various  temperatures.  These  data  are  discussed 
in  Section  2 1 . 2.  The  formulas  used  for  calculating  the  radio-fre- 
quenc/  "parties  cf  electrons  ingases  are  discussed  inSectionZl.  3. 
Finally,  approximations  valid  for  weakly  ionized  dry  air  are  dis¬ 
cussed  in  Section  21.4.  Electron-energy  relaxation  data  are  sum¬ 
marized  in  Section  21.5  and  their  use  for  the  estimation  of  the  col¬ 
lision  frequency  for  non-therinal  electrons  is  discussed  in  Section 
21.6.  Ion  mobility  data  and  their  use  in  calculations  of  rf  absorp¬ 
tion  and  phase  shift  are  discussed  in  Section  21.7. 


21.2  ELECTRON  COLLISION  FREQUENCIES 

Our  present  best  estimates  of  the  frequencies  of  momentum  trans¬ 
fer  collisions  per  molecule,  .  for  electrons  in  various  atmo¬ 

spheric  gases  are  plotted  as  a  tunction  of  election  energy  c  in 
Figure  21-1  and  are  tabulated  in  Table  21-1,  An  attempt  is  made  to 
indicate  our  degree  of  confidence  in  the  results  by  showing  the  most 
reliable  data  (±20  percent  or  better)  as  solid  curves,  the  data  of  in¬ 
termediate  reliability  (factor  of  2  or  better)  as  long  and  short  lines, 
and  the  least  reliable  (order  of  magnitude)  as  short  dashes.  The  in¬ 
dividual  curves  are  discussed  briefly  below. 


j;:Based  in  part  on  work  done  at  the  Westinghouse  Research  Laboratories 
and  supported  in  part  by  the  U.  S.  Army  Research  Office  — Durham, 


21-1 


ELECTRON  COLLISION  FREQUENCY  PER  MOLECULE 


DNA  1948H 


CHAPTER  21 


Toble  21-1 .  Electron  collision  frequencies  per  molecule? 


(  (eV) 

N2 

°2 

NO 

O 

N 

h2o 

.005 

7 . 5  ( - 1 0) 

9.7(-9) 

2.85(-6) 

.007 

9 . 7(- 10) 

8.0(-9) 

2 . 35  ( -6 ) 

.01 

1.3(-9) 

6.7(-9) 

1 . 92( -6) 

.015 

1.87(-9) 

5.7(-9) 

1.57(-6) 

.02 

2.43(-9) 

1.2(-9) 

5.25(-9) 

1 . 36(  -6 ) 

.03 

3.53(-9) 

1.7(-9) 

4 . 7(— 9) 

6 . 0( -9) 

1.10(-6) 

.05 

5.65{-9) 

2. 8 (-9) 

4.6(-9) 

7.2(-9) 

8.5(-7) 

.07 

7.7(-9) 

4.0{-9) 

4 . 9(  -9) 

8.5(-9) 

7  ■  2(  -7) 

;  .i 

1 . 10{-8) 

5 . 0(-9) 

5.9(-9) 

1 . 02( -8) 

6.0(-7) 

.15 

1.60{-8) 

6.5(-9) 

9.0(-9) 

1.3(-8) 

4.85(-7) 

.2 

2 . 08{  -8) 

8.6(-9) 

1 . 4(  -8) 

1 .5(-8) 

4. 15 ( -7) 

.3 

2.90(-8) 

1 . 32(  ~8) 

4.0(~8) 

1.8(~8) 

3  •  4{  -7) 

.5 

4. 15(-8) 

2. 16(-8) 

1  - 2( —7) 

2.4(-8) 

4.3(-9) 

2.63(-7) 

.7 

5 . 1(~8) 

3 . 05( -8) 

1.06(-7) 

2.8(~8)  j 

•  2(-9) 

2.25(-7) 

1 .0 

6.0(-8) 

4„65( -8) 

9.5(-8) 

3.5(-8) 

9.5(-9) 

1 . 93(-7) 

1.5 

8.7(~8) 

5.5(-8) 

9.3(-8) 

4.4(-8) 

1.68(-8) 

1 ,64(-7) 

2.0 

1.9(-7) 

5 . 75(— 8) 

9.2(-8) 

5.2( -8)-  ' 

2.55(-8) 

1.48(-7) 

3 

2.2(-7) 

6. l(-8) 

9 . 2(  -8) 

6.6(-8) 

4. 1(~8) 

1.30(-7) 

5 

1.46(-7) 

7.3(-8) 

9.6(-8) 

9.3(-8) 

S.O(-fi) 

M7(-7) 

7 

1 . 64(— 7) 

1.02(-7) 

l.l(-7) 

1 • 17(-7) 

1 . 03(-7) 

1 . l3(-7) 

10 

2.08(-7) 

1.48(-7) 

1.77(-7) 

1.52(-7) 

1 -3{— 7) 

i.24(-7) 

2.75(-7) 

1.93(-7) 

2.6(-7) 

2.K-7) 

1 . 55  ( -7) 

1.74(-7) 

20 

3. 15(-7) 

2.2{-7)  ; 

1 .95( -7) 

2.27 (-7) 

30 

3.6(-7) 

2.6(-7) 

3.4(-7) 

[ _ _ 

I 

. - . 

2.70(-7) 

*l(-7)  means  1  x  10"^  cm^/sec.  As  indicated  in  the  text  ond  in  Figure  21-1 
the  number  of  significant  figures  given  is  not  o  measure  of  the  reliability  of 
the  data. 
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21.2.1  Nitrogen 

The  momentum-transfer  collision  frequency  data  (Reference  21-1) 
shown  for  Np  are  expected  to  be  accurate  to  about  ±10  percent  for 
electron  energies  between  0.  003  and  about  10  eV.  For  electron  ener¬ 
gies  corresponding  to  temperatures  between  150  and  2000  K  the 
momentum-transfer  collision  frequency  is  reasonably  well  represented 
by  a  linear  dependence  on  electron  energy  (Reference  21-2).  The 
effect  of  rotationally  and  vibrationally  excited  states  of  Np  on  the  col¬ 
lision  frequencies  expected  at  elevated  gas  temperatures  has  not  been 
evaluated,  but  should  be  small  for  electron  energies  below  about  1  eV 
anc.  temperatures  below  10,  000  K. 


21.2.2  Oxygen 

The  determination  of  momentum-transfer  collision  frequencies  for 
electrons  in  Op  at  low  energies  is  difficult  because  of  large  electron 
attachment  coefficients.  The  most  self- consistent  results  obtained 
thus  far  are  from  microwave  measurements  (Reference  21-3)  of  the 
conductivity  following  a  pulsed  discharge  or  a  period  of  irradiation 
by  high-energy  particles.  Unfortunately,  it  has  not  been  possible  to 
reconcile  these  results  with  published  dc  electr onmobility  measure¬ 
ments  (References  21-4,  21-5).  It  appears  that  the  collision 
frequency  curve  shown  in  Figure  21-1  for  electron  energies  between 
0  and  about  2  eV  is  an  average  over  a  series  of  na  .  w  resonances 
(References  21-4,  21-6).  Such  an  average  is  probably  sufficiently 
accurate  for  our  present  purposes.  The  microwave  results  (Refer¬ 
ence  21-3)  are  shown  for  t  <  0.  1  eV,  The  res'  .is  of  beam  experi¬ 
ments  (References  21-7,  21-8)  and  swarm  experiments  (Reference 
21-4)  were  used  at  higher  energies.  The  presence  of  low-energy 
resonances  in  O2  could  possibly  lead  to  changes  in  y  (c)  with 
Ciiciii^cs  , r,  rotations.*  and  vibrational  temperatures  (References  21  —  4, 
21-6). 


We  note  that  the  electron  collision  frequent'/  snowu  for  Op  at 
energies  corresponding  to  temperatures  between  200  and  5000  K  is 
also  a  linear  function  of  electron  energy.  This  means  that  mixtures 
of  Op  and  N2  ,  e.  g.,  dry  air,  canbe  analyzed  using  the  linear  energy 
dependence  approximation.  Available  microwave  results  sug¬ 
gest  that  O2  makes  a  smaller  contribution  to  the  collision  frequency 
than  estimated  previously  (References  21-2,  21-9,  21-10),  i.  e.  ,  the 
Op  collision  frequencies  per  molecule  are  30-40  percent  of  those  for 
Np  rather  than  the  60-76  percent  used  in  earlier  calculations. 
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21.2.3  Argon 

The  collision  frequency  d?ta  (Reference  21-11)  for  Ar  (not  plot¬ 
ted)  show  that  the  0.9  percent  argon  in  air  of  sea-level  composition 
makes  less  than  a  2  percent  contribution  to  the  total  electron  collision 
frequency  for  any  electron  energy  of  ionospheric  interest. 

21.2.4  Corbon  Dioxide 

On  the  basis  of  t'rn(f)/N  data  (Reference  21-4)  (not  shown),  the 
contribution  of  CO2  to  the  total  collision  frequency  for  electrons  in 
dry  air  of  sea-level  composition  (0.  03  percent)  is  only  about  1  per¬ 
cent  for  electron  energies  of  ionospheric  interest.  Since  this  mixing 
ratio  is  not  likely  to  be  exceeded  at  any  altitude  the  contribution 
of  CO2  to  the  final  t/m(f)  is  neglected. 


21.2.5  Woter  Vapor 

The  very  large  l/m(f)/N  values  (References  21-12  through  21-15) 
for  low-energy  electrons  in  H2O  shown  in  Figure  21-1  mean  that 
very  small  concentrations  of  H2O  in  air  can  significantly  inc’  ease 
the  electron  collision  frequency.  Thus,  1  part  of  H2O  in  300  parts 
of  air,  e.g.,  approximately  10  percent  relative  humidity  at  ZOOK, 
will  approximately  double  the  electron  collision  frequency  for  thermal 
electrons.  At  electron  energies  corresponding  to  temperatures 
below  about  5000  K,  V  ( € ) / N  varies  approximately  as  the  reciprocal 
of  the  square  root  of  the  electron  energy.  Note  that  this  varia¬ 
tion  is  quite  different  from  that  found  for  N->  and  O2  .  At  electron 
energies  above  0.  5  eV  we  expect  the  contribution  of  the  H2O  in  air 
to  the  total  collision  frequency  to  be  small  compared  to  the  contri¬ 
butions  of  0?  and  N2  • 

21.2.6  Nitric  Oxide 

The  values  of  1/  (O/N  shown  in  Figure  21-1  for  NO  are  based 
on  an  analysis  of  dc  mobility  data  (References  21-13,  21-16)  and  on 
the  assumption  that  at  low  electron  energies  l/m(f)/N  for  electrons 
in  NO  is  given  by  theoretical  expressions  based  on  a  permanent  di¬ 
pole  model  (Reference  21*15).  The  results  of  microwave  measure¬ 
ments  (Reference  21-17)  at  electron  noise  temperatures  between 
1200  and  12,  000  K  lead  to  values  of  t/rn(f)/N  which  are  much  lower 
than  the  values  shown  ir  Figure  21-1  at  energies  near  1  eV, 
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21.2.7  Atomic  Oxygen 

The  curve  shown  in  Figure  21-1  for  atomic  oxygen  is 

based  primarily  cn  the  "total"  cross-section  measured  by  electron- 
beam  techniques  (References  21-7,  21-18).  These  values  are  about 
the  mean  of  the  two  microwave  measurements  of  the  momentum- 
transfer  cross-section  at  the  lower  electron  energies  (Reference  21- 
19).  Recent  theory  gives  slightly  larger  values  (Reference  21-20). 

In  principle,  measurements  of  free-free  absorption  and  emission 
coefficients  can  be  used  to  obtain  elastic  scattering  data  (Reference 
21-21). 


21.2.8  Atomic  Nitrogen 

As  in  the  case  of  atomic  oxygen  the  curve  of  ym(€)/N  for  N  in 
Figure  21-1  is  based  on  measurements  (Reference  21-22)  of  the  total 
scattering  cross-section  using  electron-beam  techniques.  Recent 
theory  (Reference  21-20)  predicts  a  large  low-energy  resonance  in 
the  total  scattering  cross-section.  However,  free-free  absorption 
coefficient  measurements  (Reference  21-21)  show  relatively  little 
difference  between  the  cross-sections  for  N  and  for  O  . 

21.2.9  Hydroxyl 

Since  there  are  no  experimental  values  for  for  OH  ,  we 

must  rely  entirely  on  theory  (Reference  21-15).  It  is  suggested  that 
one  use  the  same  energy  dependence  as  found  for  but  that  the 

magnitude  of  Pm(€)/N  for  OH  be  lowered  by  the  square  of  the  ratio 
of  the  dipole  moments,  i.  e. ,  by  ( 1.  65/ 1.  8)^  -  C.  84.  Thus,  when 
moist  air  is  heated,  the  conversion  of  H2O  to  OH  will  still  result 
in  large  electron-neutral  collision  frequencies. 

21.2.10  Positive  and  Negative  Ions 

Figure  21-1  shows  the  higher-energy  portion  of  an  approximate 
expression  for  ym(e)/N  for  positive  ions.  Laboratory  experiments 
(Reference  21-23}  are  consistent  with  the  relation: 

^eilO/Ni  =  3.  6  Te’3/2  In (2.  0  x  104  Te3/2/Nj1/2)  ,  (21-1) 

where  Nj  is  the  positive  ion  density.  Note  that  theory  (Reference 
21-20)  predicts  that  the  scattering  cross-section  fcr  ions  depends 
unon  the  identity  of  the  ion  as  well  as  its  charge  at  high  encrgie/. 
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These  predictions  have  not  been  extrapolated  to  the  thermal  energies 
of  interest  here  or  tested  experimentally  although  free-free  absorp¬ 
tion  theory  (Reference  21-21)  suggests  that  departures  from  the  pure 
Coulomb  scattering  are  small.  The  collision  frequency  for  electrons 
and  negative  ions  is  assumed  to  be  the  same  as  for  positive  ions,  al¬ 
though  this  question  does  not  appear  to  have  been  investigated. 

21.3  RADIO-FREQUENCY  TRANSMISSION 
COEFFICIENTS 

In  this  section  the  electron  collision  frequencies  discussed  in  Sec¬ 
tion  21.2  are  used  to  calculate  the  change  in  the  dielectric  coefficient, 
AK,  caused  by  the  free  electrons  in  the  atmosphere.  This  change  in 
the  dielectric  coefficient  can  be  used  to  calculate  the  propagation  con¬ 
stants  appropriate  to  a  given  geometry,  etc.  (References  21-2,  21-24 
through  21-26).  The  purpose  of  this  section  is  to  show  how  the  energy- 
dependence  of  V*  (O  is  taken  into  account  in  such  calculations.  We 
are  concerned  with  integrals  of  the  form  (References  21-2,  21-24 
through  21-26)*. 


CO 


f 


o 


[0+ 

!>^{o  +  n2] 


c3/2  3f(Q 

dc 


d€  , 


(21-2) 


where  Wpe  =  (ne2/mco)^2  is  the  plasma  resonance  frequency  for 
electrons  of  density  n  ,  mass  m  ,  and  charge  e  ,  (Q  is  the  dielec¬ 
tric  constant  of  free  space,  CO  is  the  angular  frequency  of  the  applied 
electric  field,  f)  =  CU  or  03  ±  Od^  ,  td^g  =  eB/m  is  the  cyclotron 
frequency  for  electrons  in  a  magnetic  field  B  ,  and  ff*)  is  the  elec¬ 
tron  energy  distribution  function.  Here0J  e^2f(f)d?  =  1  .  It  is 
customary  to  assume  that  f(e)  is  Maxwellian  at  a  temnerature  T  , 

*  C 

i.  e  ; 


f(r) 


2 


(kTe) 


3/2 


(21-3) 


The  electron  collisicn  frequency  to  be  used  in  Equation  (21-2)  is 
the  sum  of  the  collision  frequencies  for  the  neutral  components  of 
the  gas.  In  many  cases,  e.g. ,  weakly  ionized  dry  air,  it  is  suf¬ 
ficiently  accurate  to  fit  the  resultant  €)  data  with  an  express  ion  of 
the  form: 


nr 


'  =  v 


■/vtTj 


j/2 


(21-4) 
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In  the  case  of  air  containing  small  amounts  of  moisture,  one  must 
use  the  sum  of  several  terms  of  the  type  given  in  Equation  (21-4)  in 
order  to  account,  properly  for  the  low  and  intermediate  energy  be¬ 
havior  of  ^  (c)  for  electrons  in  and  O2,  and  at  least  one  term 

to  represent  the  l/m(e)  data  for  H2O  .  In  such  cases,  analytic  ex¬ 
pressions  for  Pm(c)  are  simple  to  use  only  for  0/t'rn(kT)  »  1  and 
most  calculations  of  AK  have  been  carried  out  numerically.  How¬ 
ever,  analytic  techniques  have  been  developed  (Reference  21-25) 
which  make  it  pcssible  to  handle  polynomial  expressions  for  l'm(f)  • 

When  the  electron-ion  collision  frequency  given  by  Equation  (21  -  1 ) 
becomes  comparable  with  the  sum  of  the  l^fc)  values  for  the  neu¬ 
tral  components,  then  Equation{21  -  2)  is  accurate  only  in  the  limit  of 
large  fl/,.1/  (c)  +  V  •{  € )  j  .  For  gas  mixtures  for  which  Equation 

(2 1 -4)  is  applicable  for  the  neutral  components,  there  are  tables  and 
graphs  (Reference  2.1-26)  which  allow  the  evaluation  of  AK  over  a 
wide  range  of  values  of  j  and  of  fractional  ionization. 

21.4  WEAKLY  IONIZED,  DRY  AIR 

The  collision  frequency  for  weakly  ionized,  dry  air  can  be  approxi¬ 
mated  with  reasonable  accuracy  by  Equation  (21-4)  using  j-2,  i.  e.  , 
l/m(f)  =  l^fc/kT)  .  The  data  of  Figure  21-1  show  that  t'm(e)/N  = 
1.03  x  10*  7  c  cmVsec  where  N  is  the  density  of  air  at  sea-level 
composition  (F.eference  21-27)  and  e  is  in  electron  volts.  Since  the 
pressure  p  is  related  to  the  density  by  p  =  NkT  ,  V  ^  ~  ^(kT)  = 

8.  6  x  107  p  sec-^  when  p  is  in  torr.  When  the  approximation 
l'm(c)  =  I'^U/kT)  is  substituted  into  Equation  ( 2 1 -2)  one  finds  that: 


U! 

/  0  \  ,( 

1  \Z 

AK  = 

-  # 

\)  S3/2‘n/li’ 

=  (“pc/"0)  [-  iA2  •  Bz]  .  (21-5) 

where  the  <Jp(X)  functions  have  been  tabulated  by  Dingle,  Arnt.and 
Roy  {Reference  21-28).  The  A2  and  B2  functions  are  plotted  in 
Figure  21-2  as  a  function  of  ■  For  comparison  purposes  we 

show  the  corresponding  functions  (Reference  21-2),  AQ  and  B0  , 
calculated  using  Equations  (2 1  -2)  and  (2 1  -  3)  under  the  previously  popular 
assumption  that  j  =  0  and  P(C)  =  ,  i.  e.  ,  the  assumption  that 

electron  collision  frequency  is  independent  of  energy.  The  curves 
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v^/u  Of  vQ/g  -  Normalized  Collision  Frequency 


Figure  21-2.  Reol  and  Imaginory  ports  of  normalized  conductivity 
showing  effect  of  energy-dependent  collision 
frequency. 


of  Figure  21-2  show  that  the  use  of  the  constant-coilismn-frequency 
assumption  can  lead  to  significant  errors  in  the  calculation  of  the 
change  ii  the  dielectric  coefficient,  ,  a  nrl  in  the  r  esultant  propa¬ 

gation  constants. 

Ionospheric  determinations  (Reference  21-29)  of  electron  collision 
frequencies  are  generally  consistent  with  the  collision  frequencies 
given  above.  However,  it  seems  unlikely  that  the  gas  pressures  at 
the  altitudes  of  significant  ionospheric  absorption  are  sufficiently 
well  known  to  allow  one  to  improve  on  the  uni(0/N  values  derived 
from  the  data  of  Figure  21-1.  Some  laboratory  experiments  (Refer¬ 
ence  21-30)  suggest  values  of  V %  for  electrons  in  air  which  are  10- 
20  percent  larger  than  those  suggested  here.  This  discrepancy  needs 
to  be  inve  stigate!]  further. 
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21.5  ELECTRON  ENERGY  RELAXATION 

Experimental  studies  of  electron  energy  relaxation  in  gases  of 
atmospheric  interest  include  determinations  of:  a)  thecross-sections 
for  inelastic  collisions  using  electron-beam  (References  21-31,  21- 
32)  and  swarm  (References  21-1,  21-4,  21-13)  techniques;  b)  the  ef¬ 
ficiencies  of  production  of  radiation  at  moderately  high  gas  densities 
(Reference  21-33);  c)  the  relaxation  of  the  electron  noise  tempera¬ 
ture  (Reference  21-34)  at  electron  "temperatures"  below  about  1  eV; 
and  d)  the  degree  of  ionospheric  cross-modulation  (References  21-29, 
21-35).  Theoretical  studies  include  calculations  (References  21-36, 
21-37)  of  sets  of  inelastic  cross-sections  and  "energy  loss  functions" 
and  the  application  of  these  to  the  calculation  of  rates  of  excitation 
of  visible  and  IJV  radiation  resulting  from  high-energy  electrons  in¬ 
cident  in  air  (References  21-32,  21-37,  21-38), of  electron  heating 
by  electric  fields  (Reference  21-39),  and  of  the  excess  of  the  electron 
temperature  over  the  gas  temperature  under  various  ionospheric 
conditions  (Reference  21-40). 


There  are  various  methods  for  expressing  the  results  of  the  in¬ 
vestigations  of  electron  energy  relaxation  studies.  The  theoretical 
results  for  electron  energies  above  roughly  1  eV  are  usually  ex¬ 
pressed  in  terms  of  the  energy  loss  function  L,(e)  ,  the  cooling  rate 
df/dt,  or  the  stopping  power  ac/dx  for  monoenergetic  electrons  of 
energy  e  .  These  expressions  for  ?.  gaseous  species  of  density  Nj 
are  related  by: 


]_dt  _  dk 

v  dt  .  dx  . 
i  l 


W<) a  Ni?cijVf> 


(21-6) 


where  f  ■  •  and  ffjdf)  are  energy  loss  and  excitation  cross-sections  for 

:th,f,K.  '  J  •  •  •  ■’  '  •  •  -t  ! - 


)£  species 


f  1  ^  i  7  ^  f  l  n  n 


average  value  dependent  upon  the  secondary  electron  energy  distri¬ 
bution.  Measurements  of  these  distributions  for  atmospheric  gases 
have  been  reported  only  very  recently  (Reference  21-41). 


At  low  electron  energies  the  results  of  theoretical  and  experi¬ 
mental  investigation  are  often  expressed  in  terms  of  averages  over  the 
electron  energy  distribution.  Thus,  the  rale  of  electron  cooling  is 
commonly  written  (References  21-1,  21-34,  21-35,  21-39  21-42, 

21-4  3)  in  forms  equivalent  to; 


d? 

dt 


“»'u<«K><*K-kTg>  +  a- 


(21-7) 
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where  C  is  the  mean  electron  energy,  is  the  characteristic 

energy  of  the  electrons  and  for  a  Maxwellian  energy  distribution  is 
equal  to  kTg  ,  Tg  is  the  gas  temperature,  and  *s  the  rate 

coefficient  for  electron  energy  exchange  with  the  gas.  Q  is  the 
source  term  and  may  be  due  to  secondary  electrons  or  photoclectr cns 
or  to  an  electric  field,  which  supplies  energy  to  the  electrons.  At 
present,  laboratory  data  for  P'u(c^)  are  available  only  from  measure¬ 
ments  of  the  change  in  the  electron  energy  caused  by  application 
of  dc  or  radio- frequency  electric  fields  (Reference  21-44).  In  the  dc 
electric-field  case,  Pu(tj^)  has  been  called  the  electron  energy  ex¬ 
change  frequency  and  is  defined  (References  21-1,  21-43)  as  the  ratio 
of  the  power  input  per  electron  Q  =  ewE  to  the  exces  s  electron  energy 
(e^  -  kTg),  where  the  electron  drift  velocity  w  and  characteristic, 
energy  are  the  measured  transport  coefficients.  In  the  radio-fre¬ 
quency  case  (Reference  21-34),  the  measurements  are  usually  of  the 
time  constant  for  the  relaxation  of  the  electron  noise  "temperature" 

Tn  .  Conventionally,  is  replaced  by  kTn  and  l^u  by  Gv  ,  where 
G  is  the  fracti^.ial  energy  loss  per  collision  and  V  is  the  electron 
collision  frequency.  When  the  electron  collision  frequency  is  small 
compared  to  the  angular  frequency  and  when  the  electron  energy  dis¬ 
tribution  is  not  Maxwellian,  the  ratio  of  kTn  to  may  differ  from 
unity  by  a  significant  (Reference  21-4  5),  but  generally  unknown  (Ref¬ 
erence  2  l-46),factor. 

The  relationships  among  the  functions  L(«)  ,  l/u(fj^),and  G?(Tn) 
are  complicated  by  the  fact  that  usually  the  electron  energy  distri¬ 
bution  appropriate  to  a  given  value  of  Vv  or  Gv  is  not  known.  Sets 
of  inelastic  cross-sections  or  Ejj(c)  for  low-energy  electrons  in  a 
few  gases  have  been  obtained  (References  21-1,  21-4,  21-13,  21-43) 
which  are  consistent  with  dc  electron  transport  coefficients  and  which 
take  into  account  the  available  theory  and  experimental  data  for  mono- 
energetic  electrons.  Because  of  the  large  range  of  electron  energies 
present  in  the  transport  coefficient  or  "swarm'1  experiments  the 
curves  of  vu/N  show  considerably  less  structure  than  do  the  curves 
of  vL(f)  ,  Also,  the  value  of  at  which  the  contribution  of  a  given 
energy  loss  process  to  V  («^)  is  a  maximum  is  usually  lower  than 
the  energy  at  which  )  reaches  its  maximum. 


Recommended  values  of  1>U/N  and  of  vLq(e)  for  various  gases  are 
shown  in  Figures  21-3  and  21-4  and  are  tabulated  in  Tables  21-2  and 
21-3.  Our  degree  of  confidence  in  the  values  shown  in  the  figures  is 
indicated  by  solid  curves  (±20  percent  or  better),  long  and  short 
dashes  (factor  of  two),  and  short  dashes  (order  of  magnitude).  Com¬ 
ments  on  the  individual  gases  follow. 
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Table  21-3.  Electron  cooling  rate  coefficient  in  eV  cm  sec 


c(eV) 

N2 

°2 

0 

He  j 

1(4) 

5 .3(  -6) 

5 .4(-6) 

wrm 

5(3) 

6.4(-6) 

6.0[-6) 

2(3) 

3.0(-6) 

7.4(-6) 

(illlllllfl 

1(3) 

8.8{-6) 

8.2(-6) 

5(2) 

9.3(-6) 

8.0(-6) 

4.0(-6) 

2(2) 

9.4( -6) 

7. 6{-6) 

4.0(-6) 

l-5(-6) 

1(2) 

7.6(-6) 

t>-5(-6) 

3.6(-6) 

1 .2(-6) 

5(1) 

4.3{-6) 

3 . 3{ -6) 

2.  l(-6) 

5.0(-7) 

3(1) 

l.^(-6) 

1.8(-6) 

8-K-7) 

2 . 4  { -7) 

2(1) 

2 • 1 ( -7) 

3.6(-6) 

3.K-7; 

*1  (~7)  means  1x10  ^cm^/scc. 

21.5.1  Nitrogen 

Values  of  1/  /N  are  available  (Reference  21-1)  for  N?  which  are 
expected  to  be  accurate  to  better  than  ±10  percent  for  values  of 
between  0.  01  and  1  eV  for  a  gas  temperature  of  77 K  and  between 
0.  03  and  1  eV  for  293  K.  The  uncertainty  is  somewhat  iarger  for 
Cp-  values  below  0.  1  eV  for  intermediate  temperatures,  such  as 
200  K,  because  of  a  lack  of  experimental  data  and  the  absence  of 
numerical  calculations  (Reference  21-47).  The  accuracy  of  the 
vLLjj(0  values  (Reference  21-37)  for  N2  is  unknown  as  the  published 

experiments  (References  21-31,  21-32)  are  incomplete.  We  have 
shown  the  values  of  L(<f)  given  by  Dalgarno,  McElrov,  and  Stewart 
(Reference  21-37)  for  energies  below  500  eV,  and  those  cf  Green  and 
Peterson  (Preference  21-37)  for  higher  energies.  Note  that  when  cal¬ 
culations  o-  Lj(e)  are  made  for  (and  other  molecular  gases)  at 
elevated  vibrational  temperatures,  it  is  important  to  allow  for  energy 
loss  and  gain  in  collisions  with  vibrationally  excited  states. 

At  present  our  only  source  of  such  cross-sections  is  theory  (Refer¬ 
ence  2 1  -4fl). 
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21.5.2  Molecular  Oxygen 

Values  of  i^/N  for  electrons  in  are  available  from  dc  swarm 
experiments  (Reference  21-4)  for  °.  15  <  CR  <3  eV  with  an  estimated 
accuracy  of  better  than  ±  20  percent.  At  electron  energies  between 
0.  02  and  0.  1  eV,  measurements  of  GV  in  the  afterglow  of  a  microwave 
d:scharge  (Reference  21-49)  and  theoretical  calculations  (Reference 
21-50)  of  Gv  indicate  a  larger  rate  of  electron  energy  loss  for 
than  for  .  However,  the  theory  (Reference  21-50)  suggests  a 
much  more  rapid  variation  in  rotationa.  excitation  cross-section 
than  do  the  microwave  experiments  (Reference  21-49).  Figure  21-3 
shows  ^U/N  values  which  vary  with  as  suggested  by  the  micro- 
wave  experiments  (Reference  21-49)  bur  which  have  been  lowered 
somewhat  in  order  to  be  consistent  with  he  dc  experiments  (Refer¬ 
ence;.  21-4,  21-5).  The  values  of  vLj(f)  shown  for  Oj»  were  ob¬ 
tained  as  for  except  that  it  was  necessary  to  apply  a  scale  fac¬ 
tor  to  the  high-energy  calculations  in  order  to  obtain  agreemezd: 
among  the  calculations  at  500  eV.  Recent  investigations  (Reference 
21 -51) have  been  concerned  with  the  excitation  of  the  vibrational  and 
low-lying  electronic  states  of  C>2  . 

21.5.3  Atomic  Oxygen 

The  only  information  available  regarding  the  total  rate-:  of  energy 
loss  caused  by  atomic  oxygen  are  the  theoretical  calculations  (Refe1  - 
antes  21-37.  21-52).  Note  that  the  values  shown  are  for  a  gas 
temperature  of  1000  Y.  and  were  calculated  using  a  Maxwellian  elec¬ 
tron  energy  distribution. 


21.5.4  Water  Vopor 

Concentrations  of  water  vapor  such  as  those  found  in  air  near  sea 
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energy  electrons.  Values  of  J^/N  shown  in  Figure  21-3  and  Table  21-2 
are  calculated  (Reference  21-13)  from  a  set  of  momentum-transfer 
and  inelastic  cross-sections  which,  in  turn,  are  chosen  to  he  consis¬ 
tent  with  the  theory  (References  21-15,  21-43)  for  rotational  excitation 
and  with  the  very  limited  and  badly  scattered  experimental  data  (Refer¬ 
ences  21- 12,  21-14). 


21.5.5  Carbon  Dioxide 

Carbon  dioxide  is  included  in  this  compilation  of  data  since  the 
y  /  N  values  (Reference  21-4)  in  CO^  are  large  enough  so  that  for 
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0.  03  <  fj,,  <  0.  i  eV  the  0.  03  percent  concentration  of  CC>2  in  air  in¬ 
creases  the  rate  of  electron  energy  loss  by  10-15  percent.  CO-,  is 

Lt 

also  of  interest  in  connection  with  planetary  atmospheres. 

21.5.6  Helium 

Energy  loss  functions  for  helium  (Reference  21-37)  can  be  calcu¬ 
lated  from  available  experimental  data  (References  21-31,  21-53). 

21.5.7  Ozone 

Because  of  its  relatively  large  dipole  moment  and  allowed  infra¬ 
red  transition  probabilities  one  expects  relatively  large  values  of 
for  Oj  at  low  electron  energies.  The  values  cited  in  Figure 
21-3  and  Taole  21-2  are  estimated  from  theory  (References  21-15, 
21-43)  and  from  a  comparison  of  electron  attachment  coefficients  in 
pure  O3  and  in  O3-CO2  mixtures  (Reference  21-54). 

21.5.8  Other  Neutral  Gases 

Values  of  Pu/ N  are  available  (References  21-4,  21-13,  21-34, 
21-43;  for  CO  and  NO  at  energies  below  about  1  eV,  A  limited 
amount  of  data  from  which  1a , / N  can  be  calculated  is  available  for 
more  complicated  molecules  (References  21-42,  21-43,  21-55). 

21.5.9  Ians 

Figure  21-3  shows  a  plot  of  an  approximate  expression  for  V  ,/N 
caused  by  the  energy  exchange  between  electrons  and  a  typical  posi¬ 
tive  ion,  i.  e. ,  here  /N  «s  2  mt'gj/N  ,  and  M  is  taken  to  be  16  amu. 
Li  addition,  there  may  be  a  contribution  resulting  from  the  excitation 
of  the  rotational,  vibrational, and  electronic  levels  of  the  ions.  Only 
a  very  limited  amount  of  information  (References  2 1 -20, 21  - 53,2 1  - 56) 
is  available  regarding  these  processes.  Also,  at  electron  and  ion 
densities  which  may  be  considerably  lower  thantho.se  for  which  energy- 
loss  due  to  electron-ion  scattering  is  important  one  mn.u  con¬ 
sider  the  sharing  of  electron  energy  among  electrons  (Reference 
21-37).  Thus,  even  though  the  energy  loss  rate  caused  by  inelastic 
collisions  may  be  large  only  for  high  electron  energies,  the  effect 
of  electron-electron  interactions  is  to  spread  out,  i.  e.  ,  make  more 
Maxwellian,  the  electron  energy  distribution  and  increase  the  effec¬ 
tive  rate  at  which  electrons  at  all  temperatures  lose  energy. 
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21 ,6  APPLICATION  OF  ELECTRON 
ENERGY  LOSS  DATA 

The  calculation  of  electron  energy  distribution  functions  and  their 
use  to  predict  radio-frequency  absorption  and  rates  of  production  of 
radiation  is  a  rapidly  developing  field.  However,  the  techniques  are 
too  complicated  to  be  discussed  in  any  detail  here.  Instead  it  will  be 
shown  how  the  direct  experimental  data. of  Vu/N  can  be  used  to  ob¬ 
tain  an  estimate  of  the  electron  energy  distribution  for  low-energy 
electrons.  First,  we  integrate  Equation  ( 21 -7)  to  obtain  the  time  re¬ 
quired  for  electrons  injected  with  energy  e  to  cool  to  ,  i.  e. , 
for  Q  =  0: 


f  _ 


dc _ _ 

I'T)  VUVK> 


(21-8) 


In  order  to  evaluate  Equation  (21 -8)  we  need  to  know  the  relationship 
between  e  and  .  Since  is  usually  a  slowly  varying  func¬ 

tion  of  ,  we  will  assume  that  the  ratio  is  a  constant  which  can  be 
taken  out  of  the  integral  (Reference  21-57).  For  a  Maxwellian  elec¬ 
tron  energy  distribution  e/f^-  =  3/2  •  Figure  21-5  shows  the  results 
of  the  calculation  (Reference  21-58)  of  as  a  function  of  time  for 
electrons  in  dry  air.  Thus,  at  an  altitude  of  70  km,  where  Nss2  x 
1015  cm“3  ,  the  time  required  for  the  values  of  electrons  formed 
with  energies  above  about  0,  5  eV  to  reach  a  value  10  percent 
above  thermal  is  about  2  x  10"^  sec.  This  time  is  short  compared 
tc  the  lifetime  against  electron  attachment  of  about  5  sec  so  that  the 
electrons  are  expected  to  thermalize  before  they  attach.  At  sea 
level  (N  ss2.  5  x  10*9  cm-3)(  the  time  required  for  relaxation  of 
to  1.  1  kTg  in  dry  air  is  about  2  x  10““  sec  compared  to  a  life¬ 
time  against  attachment  of  about  1.  6  x  10"®  sec.  Howe'er,  the 
presence  of  only  1.  5  percent  H^G  (roughiy  50  percent  reiauve  humidity) 
reduces  the  time  required  for  energy  relaxation  to  within  10  percent 
of  kTg,  to  about  2.  4  x  10"9  sec.  During  the  decay  of  to  kT  the 
electron  transport  coefficients,  such  as  the  radio-frequency  attenua¬ 
tion,  will  be  characteristic  of  the  elevated  value  of  f  ^  . 

The  transient  solution  following  the  injection  of  an  impulse  of 
energetic  ele  ctrons  calculated  using  Equation  (21  -  8)  can  be  used  to  cal¬ 
culate  the  steady-state  average  of  measurable  quantities  such  as  the 
electron  collision  frequc.-.-.cy  which  appears  in  the  expressions  for  the 
rf  attenuation.  As  an  illustration.  Figure  21-5  shows  the  values 
(Reference  21-59)  of  <  t/rn>/N  calculated  using  the  relation: 
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Figure  21-5.  Relaxation  of  characteristic  energy  and  momentum- 
transfer  collision  frequency  far  dry  air  at  230K 
and  relaxation  af  characteristic  energy  in  moist 
air  (1.5  percent  H2O)  at  300  K. 


<v  > 

m  . 
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Here  is  the  frequency  of  electron  attachment  collisions.  It  is 
assumed  to  vary  sufficiently  slowly  with  so  that  the  form  of  the 
electron  energy  distribution  is  not  crucial.  Here  the  rate  of  elec¬ 
tron  injection  is  assumed  to  be  constant  with  time.  In  Figure  21-5 
the  attachment  is  assumed  to  be  negligible  over  the  time  intervals 
of  interest,  i.  e.  ,  U^t  «  1 ,  so  that  Equation  (21-9)  becomes: 
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This  relation  is  analogous  to  the  relations  used  previously  (Reference 
21-38)  in  calculating  the  rates  of  excitation  in  terms  of  the  L(e)  1 -mo¬ 
tions.  The  errors  introduced  by  the  use  of  electron  transport  coef¬ 
ficients  and  energy  distributions  appropriate  to  the  dc  experiments 
rather  Than  those  tor  the  actual  decay  period  following  electron  in¬ 
jection  are  not  known  but  are  probably  significantly  less  than  a  fac¬ 
tor  of  two.  It  is  suggested  that  the  errors  are  of  comparable  uncer¬ 
tainty  to  those  introduced  by  use  of  the  "continuous  approximation" 
of  previous  calculations.  According  to  this  approximation  (Refer¬ 
ences  21-37,  21-38)  the  electr  ons  are  assumed  to  lose  their  energy  in 
small  increments  rather  than  in  jumps  equal  to  the  excitation  energies 
for  the  various  inelastic  processes.  Obviously,  further  effort  (Refer¬ 
ence  21-60)  is  required  in  order  to  evaluate  the  accuracy  of 
the  available  calculation  techniques  and  to  develop  practical  com¬ 
putational  methods  for  more  accurate  calculations. 

21 .7  RADIO-FRFQUENCY  TRANSMISSION 
COEFFICIENTS  FOR  IONS 

The  prediction  of  change  in  dielectric  constant  and  the  radio-fre¬ 
quency  transmission  coefficients  applicable  in  the  presence  of  ions 
in  atmospheric  gases  is  made  difficult  because  of:  a)  the  lack  of 
definitive  information  as  to  the  identity  of  the  ions;  b)  the  difficulty  of 
accurate  ion-mobility  measurements  in  the  presence  of  fast  ion-mole¬ 
cule  reactions;  and  c)  the  apparent  absence  of  a  thorough  i.ivertiga- 
tion  of  the  frequency  dependence  of  the  change  in  the  dielectric  con¬ 
stant  caused  by  ions.  Rocket-borne  mass  spectrometers  (Reference 
21-61)  have  shown  that  ions  such  as  F^O4"  ,  F^O*- (Fl20)n  ,  NO+  , 

C>2  .  1^2  <  NOj  ,  and  NC>3'(H70)n  are  present  in  varying  concen¬ 
trations  at  altitudes  above  about  60  km.  We  therefore  need  to  con¬ 
cern  ourselves  with  the  measured  mobilities  of  these  ions  in  gases 
of  atmospheric  interest.  Since  the  momentum-transfer  collision 
cross- sections  for  ions  with  various  atmospheric  n  olecules  vary 
over  a  much  smaller  range  than  is  the  case  for  electrons,  it  is 
reasonable  to  consider  scattering  only  by  the  major  species,  i,  e.  , 

N2  ,  O2,  and  O  . 

Suggested  values  for  the  mobilities  of  some  0/  the  positive  and 
negative  ions  of  interest  are  listed  in  Table  21-4.  Most  of  the  avail¬ 
able  laboratory  data  (References  21-62  through  21-68)  are  for  a  gas 
temperature  of  300  K.  Except  for  cases  in  which  resonant  charge 
transfer  can  occur,  one  expects  that  the  thermal  ion  mobility 
will  not  deviate  significantly  from  the  relation  (References  21-69, 
21-70): 
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N03  •  H20  j  (5.9)  (6.1)  (6.0)  (10.8) 

Nates: 

°  Values  shown  in  parentheses  are  calculated  usingEquotion  (21-1  l)ond  polorizobilities  at  11.9,  10.8  and  6.0 
Oq  farN2,  02,ond  O,  respectively.  Most  experimental  values  ore  for  approximately  300  K. 


DNA  1948H 


/i.N  = 


9.  66  x  10 
^  OM. 


+  20 


-1 

cm  \  sec 


(21-11) 


where  O'  is  the  atomic  polarizability  in  units  of  a£  ,  aQ  is  the  Bohr 
radius,  and  M.  is  the  reduced  mass  of  the  ion  and  neutral  in  units  of 
the  proton  mass.  In  cases  where  experimental  data  are  not  avail¬ 
able  the  icn  mobilities  are  calculated  using  Equation(21  - 1 1 )  and  are 
shown  in  parentheses  in  Table  21-4.  The  data  of  Table  21-  4  show 
that  values  given  by  Equation  (21  - 1 1)  are  low  by  a  factor  of  1.  1  ±  0.  1 
for  aU  except  ions  in  their  parent  gas.  Recently  measured  values 
(Reference  21-68)  of  the  mobilities  of  hydrated  positive  and  negative 
ions  agree  well  with  the  predictions  of  Equation  (21  - 1 1)  for  argon. 

The  mobility  of  an  ion  in  a  gas  mixture  can  be  calculated  from  the 
mobilities  of  that  ion  in  the  individual  gases  using  the  relation  (Refer¬ 
ence  21-71): 

;iN  *  [  E(/UN)J  1  (N./N)]'1  .  (21-12) 

J 

This  expression  is  used  for  the  calculated  values  for  air  in  Table 

21-4. 


The  change  in  the  dielectric  constant  caused  by  ions  is  cus¬ 

tomarily  (References  21-72  through  21-75)  written  in  a  form  equiva¬ 
lent  to: 


AK- 


N^e 


M.f  0W^i  + 


fL‘i-13) 


where  bij  ,  M-  ,  and  V ^  are  the  density,  mass,  and  collision  frequency 
for  a  given  ionic  species.  Here  Q  =  00  or  to  ±  ,  where  to^j 

is  the  ion  cyclotron  frequency.  In  the  low-frequency  limit: 

Im  AKi  -  Nie2/MiC0‘'i«  =  N^e^/ C QC0  *  (21-14) 

where  jU;  -  e/M-i/j  is  the  ion  mobility,  in  the  case  where  the  fre- 


21-24 


CHAPTER  21 


quency  of  momentum-transfer  collisions  is  independent  of  the  rela¬ 
tive  velocity,  then  V-y  *s  that  frequency  and  M-  is  the  reduced  mass 
(References  21-75,  21-76).  For  ions  in  thermal  equilibrium  with 
the  gas,  calculations  of  ion  mobility  can  be  made  using  differential 
scattering  cross-section  data  (Reference  21-75).  However,  there 
appears  to  have  been  no  investigation  of  the  consistency  of  rigorous 
theory  with  Equation(21- 13)  when  used  for  the  calculation  of  Re  AK^ 
or  of  the  value  of  Im  AKj  when  (Re  AKq/Ini  AK^)2  is  other  than  a 
very  small  number.  As  a  result  one  can  only  arbitrarily  define  the 
collision  frequency  (References  21-72  through  21-74)  in  terms  of  the 
dc  mobility  as  =  e/M-^i  .  Here  we  use  the  reduced  mass,  al¬ 
though  some  authors  use  the  ion  mass  (Reference  21-77). 

The  errors  resulting  from  the  use  of  Equation(21-13)for  other 
than  the  low-frequency  limit  of  lmAK.j  are  unknown  but  are  probably 
less  than  a  factor  of  two.  In  many  calculations  of  ionospheric 
absorption  (Reference  21-72)  the  frequencies  of  interest  are  low 
enough  and  the  gas  densities  are  high  enough  so  that  it  is  unneces¬ 
sary,  and  probably  undesirable,  to  define  an.  effective  collision  fre¬ 
quency  for  ions  (Reference  21-73).  It  is  of  interest  to  note  that  in 
the  low-frequency  limit: 

ReAKj  =  Nie2/MiC0t/i2  =  N^2!^/^.  (21-15) 


Therefore,  Re  AKj  is  independent  of  the  ion  identity  and  mass  in 
cases  for  which  the  mass  dependence  given  by  Equation (21- 1 1 )  is 
valid,  i.  e.  ,  all  ions  except  those  moving  in  their  parent  gas. 


Since  the  concentrations  of  ions  and  neutral  species  vary  with  alti¬ 
tude,  it  is  not  possible  to  assign  a  unique  positive-ion  mobility  to 
the  ionosphere.  Based  onthe  mobilities  of  Table  21 -4,  the  apparent 
small  systematic  overestimates  obtained  using  Equation  (21-11), 
the  measured  ion  compositions  (Reference  21-61),  and  the  neutral 
composition  of  the  atmosphere  (References  21-23,  2..  -78),  one  expects 
the  average  positive-ion  mobility  to  decrease  from  about  7  x  10*9 
V'  *  cm“*  sec-*  at  120  km  (NO+  in  N^,  C^.and  O),  to  about  6.  3  x  10*° 
V"*  cm"*  sec"*  at  70  km  (^O^’H^O  in  air).  At  about  30  km,  mea¬ 
surements  (Reference  2  1  -  79)  give  an  average  value  of  (4.  6  ±  0.  8)x  1 0*  9 


V"1  cm'*  sec*1  while  at  sea  level  the  measured  values  vary  from 
6.  4  to  1,3  x  10*9  V-*  cm"  *  sec"  *  or  less,  depending  upon  the  "age" 
of  the  ion  (References  21-80,  21-31).  These  mobilities  can  be  used 
in  Equation(21- 14)  so  long  as  W/N  or  (12-  01^j)/N  is  much  less  than 


,-l 
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about  1 0"9  cm^sec"  1.  At  higher  frequencies  one  can  only  estimate  an 
effective  collision  frequency  and  use  Equations  (21-13)  or  {21-1 4)  cs  dis¬ 
cussed  above. 

21.8  SUMMARY 

Although  the  data  presented  in  Section  21.  2  show  that  our  know¬ 
ledge  of  the  electron  collision  frequency  for  some  of  the  atoms  and 
molecules  expected  innormal  and  disturbed  air  is  poor,  the  collision 
frequencies  for  the  more  likely  mixtures  are  probably  known 
with  much  more  accuracy  than  are  the  electron  densities  which  are 
also  used  in  the  calculation  of  rf  propagation  coefficients.  Further 
experimental  studies  of  low-energy  electron  collisions  in  atomic  and 
molecular  oxygen  would  seem  to  be  particularly  worthwhile. 

Electron  energy  relaxation  da!a  are  still  scarce  and  highly  dependent 
on  theory.  Much  experimental  and  theoretical  work  remains  to 
be  done  to  ensure  that  one  has  accurately  included  all  of  the  important 
processes. 

Experimental  mobility  data  are  available  for  some  ions  of  interest, 
and  theory  can  be  used  to  estimate  others,  but  better  data  are 
very  desirable.  The  prediction  of  low-frequency  rf  attenuation  caused 
by  ions  is  much  less  dependent  uponthe  mass  of  the  ions  than  suggested 
by  some  investigators. 
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22.  DEIONIZATION  SOLUTIONS* 

Capt.  S.D.  Rockwood,  Air  Force  Weapons  Laboratory 
W.S.  Knapp,  General  Electric — TEMPO 
F.E.  Niles,  Ballistic  Research  Laboratories 
(Latest  Revision  1  September  1971) 


22.1  INTRODUCTION 

This  chapter  will  document  the  results  of  several  detailed  calcu¬ 
lations  of  the  chemistry  associated  with  the  perturbed  D  ,  E,  and  F 
regions. 

Some  of  these  calculations  will  be  devoted  to  exhibiting  .he  advan¬ 
tages  and  disadvantages  of  different  numerical  methods.  Others  will 
attempt  to  identify,  where  possible,  critical  reactions  of  the  regions 
studied.  It  is  intended  that  these  examples  can  serve  both  as  a  stan¬ 
dard  of  comparison  and  as  a  guide  for  developing  simplified  schemes 
for  future  application. 


22.2  MULT! -SPECIF  1.  CODES 

22.2.1  D  Region 

Examples  will  be  given  of  the  multispecies  code  approach  for 
solving  the  deionization  kinetics  ox  the  D-region.  The  successes  and 
limitations  of  such  an  approach  will  be  discussed. 

22.2.2  E  and  F  Regions 

The  important  role  of  the  metastable  states,  especially  0(*D), 
N(^D),  and  vibrationally  excited  ,  in  the  process  of  deionization 
will  be  demonstrated.  Further  discussions  will  be  given  of  the  role 
played  by  excited  states  in  determining  the  ultraviolet  a  nd  X-ray 
pressure  efficiencies,  and  the  resulting  coupling  of  hydrodynamics 
and  chemistry. 


^•Editor's  Note:  A  fuli  chapter  under  this  title  will  be  prepared  and 
distributed  to  authorized  recipients  of  the  Handbook  at  an  early  date. 
We  present  here  an  outline  of  the  projected  chapter,  as  proposed 
by  the  authors. 
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22.3  CODES  FOR  SYSTEMS 

A  description  of  the  D-r egion  lumped-parameter  model  developed 
from  nuclear  test  data  will  be  presented.  This  section  will  also  in¬ 
clude  a  discussion  of  the  range  of  validity  of  the  r  ecombination  para¬ 
meter,  Of  , .defined  at  equilibrium  as  a=q/ne^,  where  q(cm'^  sec"*} 
is  an  electron  source,  and  ne(cm“^)  is  the  electron  number  density. 
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23.  PROBLEM  AREAS  IN  ATMOSPHERIC  DEIONIZATION 

C.A.  Blank,  Defense  Nuclear  Agency 
M.H.  Bortner,  General  Electric  Company 
T.  Baurer,  General  Electric  Company 
(Latest  Revision  23  February  1972) 


N.  B.  :  This  chapter  was  not  ready  for  publication  in  time  to  be 
distributed  with  the  rest  of  the  Handbook.  Chapter  23 
will  be  prepared  and  distributed  to  authorized  recipients 
of  the  Handbook  at  an  early  date. 
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24.  SUMMARY  OF  SUGGESTED  RATE  CONSTANTS 

M.H.  Bortner,  General  Electric  Company 
R.H.  Kummler,  Wayne  State  University 
T.  Baurer,  General  Electric  Compuny 
(Latest  Revision  24  September  1971) 


24.1  INTRODUCTION 

This  chapter  presents  in  Table  24-3  a  summary  of  reactions,  with 
suggested  rate  coefficients,  relevant  to  the  problems  of  atmospheric 
chemical  recovery  following  a  perturbation.  The  present  generation 
of  computers  permits  the  convenient  handling  of  large  numbers  of  re¬ 
actions  in  relation  to  the  solution  of  such  problems.  Thus,  one  may 
now  include  indetailed  calculations  of  this  type,  hundreds  of  individual 
reactions,  and  follow  the  complete  histories  of  large  numbers  of 
individual  species  as  atmospheric  constituents.  Many  computer  codes 
exist,  e.g.  ,  the  Keneshea  code  (Reference  24-1),  which  have  been 
designed  for  the  study  of  atmospheric  reactions,  and  are  capable  of 
carrying  out  the  appropriate  calculations.  Such  codes  are  in  use  at 
various  institutes  and  laboratories  throughout  the  country.  In  order 
to  promote  communications  among  these  installations  it  is  convenient 
to  have  one  standard  set  of  rate  coefficients  which  are  recognized 
universally  as  valid  for  all  common  purposes,  e.g.,  the  compara¬ 
tive  solution  of  test  problems,  or  the  complementary  solution  of  dif¬ 
ferent  aspects  of  one  large  problem. 


24.2  PRfSENlAIION  OKtAUlGNS 
AND  RATE  DATA 

The  reactions  are  listed  in  Table  24-1  in  the  same  order  as  the 
reaction  types  given  in  Chapter  6  (Table  6-1),  but  the  type  numbers 
used  are  not  the  same  in  the  two  tabulations.  Furthermore,  where 
the  authors  of  the  various  Chapters  of  this  Handbook  have  recom¬ 
mended  spec. fix*  values  for  the  reaction  rate  constants  or  coefficients, 
those  values  are  used  in  Table  24-1.  On  the  other  hand,  where  such 
data  are  either  uncertain  or  not  available  for  particular  reactions 
which  a«*e  considered  sufficiently  important  to  be  included,  values  of 
the  rate  constants  or  coefficients  have  been  estimated,  in  most  in- 
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stances  by  a  committee  of  .'.''owledgea  Me  workers.  These  cases 
carry  the  notation  (in  the  "Sources"  column  of  the  table)  "HCE",  or 
"Handbook  Committee  Estimate".  THUS,  A  LARGE  NUMBER  OF 
THE  REACTIONS  LISTED  ARE  STILL  PRIMARILY  GUESSES.  ONE 
SHOULD  EE  EXTREMELY  CAREFUL  NOT  TO  CONSIDER  THESE 
RATES  AS  FINAL.  In  several  cases  the  degree  of  uncertainty  is 
based  on  the  unavailability  of  any  experimental  data  for  the  reaction 
considered.  Where  this  is  true,  a  notation  "NED"  ("No  Experimental 
Data")  is  included  among  the  applicable  notes.  Perhaps  the.  latter 
label  should  have  been  applied  to  many  more  reactions  in  Table  24-1 
than  it  has  been. 

It  may  be  argued  by  some  Handbook  users  that  many  of  the  reac¬ 
tions  listed  are  not  important.  This  is  perhaps  true  under  certain 
sets  of  conditions,  in  which  rase  the  r  eactions  may  be  totally  ignored, 
or  alternatively  their  rates  may  be  set  equal  to  zero  for  coding 
purposes.  However,  under  other,  equallv-  m  -  vrtant  circumstances, 
these  same  reactions  may  either  contribute  ui  ••ctly  to  or  act  as  pre¬ 
cursors  of  other  processes  which  are  influential  within  the  given  con¬ 
text.  On  the  other  hand,  although  the  numbers  of  reactions  eind  spe¬ 
cies  included  in  the  table  are  large,  there  certainly  are  some  'muor- 
lant  omissions  as  well,  since  it  can  be  anticipated  that  particular  re¬ 
act. ons,  not  yet  thought  to  be  of  any  importance  tr>  the  deionization 
problem,  or  perhaps  not  yet  even  conceived  of,  may  be  found  in  the 
iuture  to  play  some  weighty  role  in  the  overall  atmospheric  chem;  cal 
scheme. 


In  Table  24-1,  the  rate  coefficients  are  presented  In  ces  units, 
i.e.,  in  sec"  ,  cm5sec  ,  and  cm°sec_i  for  one-,  two-,  and  hree- 
body  processes,  respectively.  Species  densities  are  in  cm"^  ind 
temperature  in  K  ,  The  letter  "M"  is  used  tc  represent  a  col!  s ion 
partner;  unless  specifically  noted  otherwise,  it  represents  any  pos¬ 
sible  species  present  and  acting  as  catalyst.  The  numerical  nota¬ 
tion  [- x ]  signifies  multiplication  by  10"x  .  Most  rate  functions  "k" 
are  represented  by  sets  of  numbers  "a",  "b",  and  "c",  which  refer 
in  turn  to  the  formulation: 

k  -  a(T/300)bexp(-c/T), 

where  300  in  the  first  parentnesized  term  is  the  usual  reference  tem¬ 
perature  (in  K),  unless  anoth<  r  Tre£  is  designated  in  the  table.  A  few 
rate  functions  follow  a  nor  ?  o  mplex  variation  with  temperature  than 
that  given  aoove,  or  are  dependent  on  other  parameters  as  well,  e,  g.  , 


24-2 


CHAPTER  24 


local  species  densities.  These  complex  functions  are  presented  in 
brackets,  transcending  the  usual  format  of  the  table.  Elsewhere, 
only  the  coefficient  "a"  is  itself  density-dependent  rather  than  con¬ 
stant.  Here,  too,  brackets  are  used. 

A  high  degree  of  uncertainty  for  some  of  the  data  was  implied  in 
preceding  paragraphs  of  this  discussion.  This  uncertainty  is  parti¬ 
cularly  appropriate  to  the  values  of  the  exponent  "b"  in  the  above 
mathematical  expression.  For  example,  little  or  no  experimental 
knowledge  of  the  temperature  dependence  {to  which  "bM  relates  di¬ 
rectly)  is  available  for  many  exothermic  reactions,  which  have  been 
observed  primarily  at  laboratory  temperatures.  Moreover,  most  of 
the  reactions  included  in  Table  24-1  are  indeed  exothermic,  despite 
two  recent  trends,  viz.  :  (a)  an  increasing  emphasis  within  the  atmo¬ 
spheric  effects  community  on  the  study  of  high -temperature  (including 
endothermic)  processes;  and  hence  {b)  the  inclusion  of  more  endo¬ 
thermic  reactions  in  the  present  edition  of  the  Handbook  than  in 
its  predecessor. 

Wherever,  i  1  Taole.  24-1,  c  t  0,  it  follows  that  the  rate  constant 
at  300  K  is  unequal  to  the  listed  value  of  the  "a"  parameter;  in  all 
such  cases  the  rate  constant  at  300  K,  k^QQ,  has  been  calculated  from 
the  three  parameters  and  is  listed  inthe  "Notes"  column.  Such  values 
are  not  to  be  construed  as  implying  actual  measurement  at  300  K, 
unless  specifically  so  stated  in  the  table. 

Finally,  it  should  be  noted  that  for  a  few  reactions,  e.  g.  ,  XIX.  3-6, 
n.n  unreasonably  high  value  of  the  "a"  parameter  is  tabulated.  These 
appear  to  fit  the  available  data  (Reference  24-2),  but  more  work  is 
obviously  needed.  In  some  cases  the  reaction  products  are  uncer¬ 
tain,  and  the  noncommittal  notation,  "Products",  is  provided  in  the 

Y  rfirtrs  na  H  it  S  <2  If  3.S  3.T:  3l!t  €  T  Tldti  VC  to  J.nV  2UC3S  OT  ,(EUCSS- 

tirr.ate"  as  to  the  true  identities  of  specific  products. 
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The  onologous  reactions  for  higher  hydrates,  i.e.,  H30+-(H20)n  f  e  where  11^6,  may  be  treoted  kineticotiy 
as  if  n=5,  viz.,  by  using  the  rote  coefficients  far  reoction  18. 
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APPENDIX  A 
SYMBOLS 


N.  B.  :  Whenever  applicable,  chapter  numbers  in  which 
a  symbol  is  used  are  indicated  in  parentheses. 

In  addition,  wherever  a  particular  symbol  is  also 
used  for  indexing,  i.  e.,  as  a  subscript,  super¬ 
script,  or  parenthetical  appendage  to  any  other 
symbol,  that  fact  is  also  indicated,  along  with  the 
applicable  chapter  number(s). 


A  Electron  affinity. 

Undesignated  function  of  the  medium  (3). 

Designation  in  Figure  3-5,  for  minimum  diffusivity  value  (3). 
Designation  for  unspecified  chemical  species  {6,  19,  20). 
Thermodynamic  work  function  (1C). 

Einstein  coefficient  (11). 

Designation  in  Table  15-2,  for  beam-in- static-gas  tech¬ 
nique  (15). 

Least-squares  fit  constant  (16). 

Rate  constant  at  the  reference  temperature,  a  characteris¬ 
tic  term  of  the  rate-constant  function  (19). 

AB  Indexing  use  only;  designation  for  a  molecule  AB  (4). 

AC  Alternating  current. 

A..  Einstein  coefficient  for  the  i-j  transition  ( 1 1). 

ij  J 

A  Comparison  imaginary  function  plotted  in  Figure  21-2. 

from  Reference  21  -2,  assuming  j=0  and  v[()  -  V q{21). 

A  Daily  geomagnetic  index  (5). 

r 
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A(v)  Einstein  coefficient  for  the  vibrational  transition  v  -v«* 

(11). 

AZA  Designation  for  Auroral  Zone  Absorption  ( 5). 

A7  Imaginary  function  plotted  in  Figure  21-2,  from  Equation 

21-5  (21). 

a  Rate  constant  at  the  reference  temperature,  usually  300  K, 

a  characteristic  term  of  the  rate-constant  function  (6,  16, 
19,  24). 

Parameter  defined  in  Equation  15-9  (15). 

Indexing  uses:  species  (3). 

atomic  (9). 
ambipolar  (9,  16). 
trajectory  point  (15). 
antisymmetric  (15). 

colliding  species  in  the  Firsov  model  (15). 
attachment  (21). 


ac  Alternating  current. 

a.  Interaction  or  capture  radius  (15). 

aQ  Bonding  radius  of  hydrogenic  species  (11). 

Radius  of  first  Bohr  orbit  (15,  21). 

av  Indexing  use  only;  average  value  (3,  11). 

D  fii’ietjnn  of  the  medium 

*  “  '  O  *  '  ’ 


Designation  in  Figure  3-5,  for  maximum  diffusivity  value 
(3). 

Rotational  constant  (4,  11). 

Designation  for  unspecified  chemical  species  (6,  19,  20). 
Recombination  term  in  continuity  equation  (9). 

Surface  brightness  of  a  radiating  volume  (11). 

Designation  in  Table  15-2,  for  crossed-beam  technique  (15). 
Least-squares  fit  constant  (16). 
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B  Designation  in  Figure  16-2,  for  work  of  Bardsley,  Refeience 

(cont'd)  16-28  (16). 

Power  of  the  pre-exponential  theimal  dependence,  a  charac¬ 
teristic  term  of  the  rate-constant  function  (19). 

Magnetic  iield  strength  (21). 

Indexing  use:  target  species  (15). 

BH  Designation  for  Birge-Kopfie!d  system:  (9). 

Bq  Comparison  real  function  plotted  in  Figure  21-2,  from 

Refe.  ence  21-2,  assuming  j-0  and  V(c)=VQ  (21). 

B&T  Designation  in  Figure  20-6,  for  work  of  Bauer  and  Tsang, 
Reference  20-143  (20). 

B2  Real  function  plotted  in  Figure  21-2,  from  Equation  21-5 

(21). 

b  Power  of  the  pre- exponential  therma’  dependence,  a  charac¬ 

teristic  term  of  the  rate-constant  function  (6,  16,  19,  24), 

Parameter  defined  in  Equation  15-10  (15). 

Impact  parameter  (15). 

Indexing  uses:  bound  state  of  species  (8). 

trajectory  point  (15). 
impact  parameter  (15). 

colliding  species  in  the  Firsov  model  (15). 
magnetic  field  (21). 

bj  Interaction  or  capture  radius  (15). 

jbjj2  Capture  probability  (15). 

buoy  Indexing  use  only;  buoyancy  subrange  (3). 

bj  Cut-off  radius  ( 1 5). 

C  Designation  for  unspecified  chemical  species  (6,  19,  20). 

Linear  slope  in  a  Boltzmann  system  (6). 

Designation  in  Table  9-5,  for  chemical  association  process 
(9). 


V 
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C  Designation  in  Table  15-2,  for  fast-particle  detection  (15). 

(cont  d)  £onstant  3t  40  Thomas  theory  (15). 

Least- squares  fit  constant  (16), 

?T  (X)  Integral  function  of  X  used  in  Equation  21-5  and  explained 
^  and  tabulated  in  Reference  21-28  (21). 


c  5peed  of  sound  (3). 

Speed  of  light  (4,  7,  11). 

Activation  temperature  of  chemical  reaction,  a  characteris¬ 
tic  term  of  the  rate- constant  function  (6,  19,  24), 

Indexing  uses:  chemical  change  (3). 

chemical  energy  (3). 

,yclotron  (7). 
cone  (7). 
coilisional  (20). 

c  Mean  thermal  speed  (3). 

Cj  Mean  thermal  speed  of  species  "j"  (3). 

c0  Speed  of  sound  in  unperturbed  medium  (3). 

col  Indexing  use  only;  column  (11). 

crit  Indexing  use  only;  critical  value  (3), 

cy  Specific  heat  at  constant  volume  per  unit  mass  (3), 

c(p)  s  |  bj  (+  »)|  2  (15). 

D  Effective  diffusion  coefficient  (3). 

Dissociation  energy  (4). 

Distance  from  nuclear  burst  measured  along  surface  of 
earth  (5). 

Designation  for  unspecified  chemical  species  (6). 

Designation  in  Table  15-2,  for  slow-particle  detection  (15). 
Least-squares  fit  constant  (16). 
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D 

(cont'd) 


Diffusion  coefficient  (20). 

Indexing  uses:  dielectric  recombination  (9). 

dielectric  dissociative  recombination  (9). 
dissociation  (10). 


Ds  Ambiociar  diffusion  coefficient  (9,  16). 

DC  Direct  current. 


Deddv  £ddy  diffusivity  (3). 

Molecular  diffusion  coefficient  for  species  "j"  (3). 
Turbulent  molecular  eddy  diffusivity  for  species  "j"  (3). 
Turbulent  thermal  eddy  diffusivity  for  species  "j"  (3). 
Turbulent  diffusivity  vector,  from  Equation  3-68a  (3). 
Thermal  diffusion  coefficient  for  species  "j"  (3). 

Dmoi  Molecular  diffusivity  (3). 

Dq  Dissociation  energy  (17). 

T 

D  Thermal  diffusion  term  (3). 


(D/Dt)  *  {d/dt)  +  u  •  9 
(Da/Dt)  ?  (5/St)+u^  7 


Functional  relationships  (3). 


d  Length  scale  of  motion  (3). 

Production,  rate  factor  (9). 

Indexing  uses:  dissociation  (4,  16). 

dielectronic  recombination  (5,  8). 
excited  dielectronic  state  overlapping  a 
continuum  (8). 


dc 


Direct  current. 
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E 


EA 


TT 
*  'l 


E 


o 

E 

^Ryd 


F't 

EUV 


Designation  for  East  (3), 

State  energy  (4,  10). 

Collision  energy  in  a  Boltzmann  system  (6). 

Activation  energy  of  reaction  (6,  19). 

Energy  {10,  15,  19,  20). 

Bearn  energy,  in  the  method  of  Fleischinann,  Dehmel,  and 
Lee  (15). 

Electric  field  strength  (21). 

Indexing  use:  energy  (6). 

Internal  energy  per  unit  mass  of  species  "a"  (3). 

Energy  of  antisymmetric  state  (15). 

Electron  affinity  ( 17,  ISA). 

Kinetic  energy  of  bound  electron  (15). 

Final  electron  energy  in  Bremsstrahlung  (11). 

Initial  electron  energy  in  Bremsstrahlung  (11). 

Ionization  energy  of  projectile,  in  the  method  of 
Fleishmann,  Dehmel,  and  Lee  (15). 

Energy  associated  with  charge  state  "i'1  (15). 

Energy  associated  with  charge  state  l!j"  (15). 


Binding  energy  of  level  nZ  (II). 

Impact  energy,  in  the  Firsov  model  (15). 

Binding  energy  of  Rydberg  level  of  hydrogenic  species  (11). 
Energy  of  symmetric  state  (15). 

Energy  threshold  for  reaction  in  a  Boltzmann  system  (6). 
Designation  for  Extreme  Ultraviolet  (5). 
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Activation  energy  for  collisional  excitation  (X-*A)  reaction 

(20). 

MR^  ( E-/  13.  6}^  ,  in  tlie  method  of  Fleischrrann,  Dehmei, 
and  Lee  (1  5). 

Kinetic  energy  of  incident  ion  before  collision  {15}. 

Kinetic  energy  of  incident  ion  after  collision  (15). 

Ionic  or  electronic  charge  (7,  11,  15,  21}. 

Designation  in  Table  9-5,  for  photoelectron  process  (9). 

Indexing  uses:  energy  equation  (3). 

electron  (4,  5,  7,  8,  11,  16,  20,  21,  22,  24). 

electronic  transition  (11). 

bound  electron  { 1 5). 

electron  acting  as  third  body  (16). 

Indexing  use  only;  eddy  (3). 

Indexing  use  only;  effective  (9,  15). 

Indexing  use  only;  excitation  (4,  11). 

Solar  flux  at  10.7-cm  wavelength  (5). 

Designation  in  Table  9-5,  for  fluorescence  process  (9). 

Free  energy  (10), 

Fraction  of  optically  active  molecules  under  irradiation, 
which  are  radiatively  excited  per  second  (11'. 

Designation  on  Page  18A-8,  of  work  of  Ferguson,  from 
Reference  18A-9  (18A). 

Designation  on  Page  18A-9,  of  work  of  Fehsenfeld  et  al, 
from  Reference  18A-40  (18A). 

Total  external  force  per  unit  mass  (3). 

Miscellaneous  external  forces  acting  on  atmosphere  (3). 

External  force  per  unit  mass  on  species  "a"  (3), 
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F(k)  Turbulent  power  spectrum,  in  wavenumber  space  (3). 


F(k)K0jm  F(k)  in  the  inertial  subrange,  according  to  Kolmogoroff's 
Law  (3). 

f  Oscillator  strength  or  "f-number"  of  transition  (11). 

R.ange  of  reciprocal  electron  densities  over  which  a  linear 
variation  with  time  is  obtained,  to  within  one  percent  (16). 

Indexing  uses:  fluorescence  (11). 
final  (11). 

fQ  Resonant  frequency  (7). 

f  Fraction  of  collisions  having  relative  velocities  between  v 

and  v+  dv  (6). 

f(X)  Fractional  atmospheric  concentration  of  species  "X"  (4). 

f(  p)  Electron  energy  distribution  function  (21). 

G  Fractional  energy  loss  per  collision  (21). 

G(£,  t)  Probability  for  separation  distance  "!"  between  two  parti¬ 
cles  (3). 

GS  Designation  in  Figure  16-2,  of  work  of  Gunton  and  Shaw, 

from  Reference  16-7  (lt>). 


g 


g 

gas 

®  ion 
^n! 


Gravitational  acceleration  (2,  4). 

Pr  rtrlnpf*  /»  f  *3  r\  t-  t  0\ 

Statistical  weight  (11). 

Indexing  use:  gas-kinetic  (21). 

Gravitational  force  per  unit  mass  (3). 

Indexing  use  only;  gas-kinetic  (16). 

Statistical  weight  of  ionic  ground  state  (11). 

Statistical  weight  of  a  r-jcombining  level  "ni"  (11). 


A -8 


APPENDIX  A 


gn^> 

g(X) 

g(y) 

H 


Ha 

HCE 

H(X) 

h 

jC 


Statistical  weight  of  a  recombining  level  in  a  hydrogenic 
species  (11). 

Electronic  statistical  weight  of  species  "X"  (4). 

Firsov  model  parameter  =  *  -  lj  (15). 

Pressure  scale  height  (2). 

Atmospheric  scale  height  (3). 

Magnetic  field  (7). 

Scale  height  of  atomic  oxygen  (9). 

Enthalpy  (10,  17,  19). 

Total  Hamiltonian  (15). 

Designation  in  Figure  16-1,  of  work  of  Hagen,  lrom  Refer¬ 
ence  16-22  (16). 

Designation  on  Page  18A-9,  of  work  of  Howard  et  al,  from 
Reference  18A-12  (18A). 

Scale  height  (20). 

Indexing  use:  hydrogen  atom  (15). 

Designation  in  Figure  16-1,  of  work  cf  Hackam,  from 
Reference  16-19  (16). 

Designation  for  Handbook  Committee  Estimate  (24), 

Scale  height  of  species  "X:i  (4). 

Planck  constant  (3,  4,  6,  7,  11,  17,  19,  20,  24). 

Altitude  (4,  5). 

Indexing  use:  altitude  (4). 

Modified  Planck  constant,  h/2ff(ll,  15). 
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h.. 

Ji 

5  Vi> 

hjj 

K.-1 

) 

A  measure 

3- 67a  (3). 

(15). 


horiz 

h 


Acol 

ICR 

IGY 

Im 

ImAKj 

L 


*o<X> 


IP 

1R 


Turbopause  altitude  (4). 

Indexing  use:  turbopause  altitude  (4). 

Indexing  use  only;  horizontal  (3). 

Quenching  height  (9). 

Ionization  potential  (4,  15). 

Photon  flux  after  transmission  (7). 

Intensity  of  indicated  radiation  (9). 

Geomagnetic  dip  angle  (9). 

Designation  in  Table  9-5,  of  ionic  reaction  process  (9). 

Line -of- sight  column  emission  rate  =  line  integral  of  IVQ^ 

(11). 

Designation  for  Ion  Cyclotron  Resonance  (7). 

Designation  for  International  Geophysical  Year  (9). 

Ionization  potential  (13.6  eV)  of  ground-state  hydrogen 
atom  (15). 

Designation  for  imaginary  portion  of  function  (21). 
Imaginary  portion  of  AK^  ,  in  the  low-frequency  limit  (21). 
Photon  flux  before  transmission  (7). 

Incident  light  intensity  (12). 

Ionization  potential  (18A). 

Infrared. 
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I  ,  Volume  emission  rate  (11). 

vol 

I( A)  Transmitted  light  intensity  (12). 

1^  Total  number  of  primary  or  projectile  species  passing 

through  target  per  unit  time  (15). 

i  (3,  21). 

Charge  condition  at  a  point  in  the  trajectory  (15). 

Indexing  uses:  species  (2,  9,  20,  21). 

directional  components  x,  y,  and  z  (3). 
ionization  (4,  10,  12,  14,  15). 
ion  (5,  11,  £l,  24). 
photoionization  (7). 
molecular  ion  (9). 

ion-ion  recombination.or  neutralization  (9, 
16). 

state  (11). 

initial  condition  (11). 
charge  state  (14). 

initial  charge  on  primary  or  projectile 
species  (15), 

charge  condition  at  a  trajectory  point  (15). 
chemical  process  (16). 
positive-ion  ( i 6,  21). 

if  Indexing  use  only;  intermediate  frequency  (20). 

i  Ion  current  (7). 

ij  Indexing  use  only;  the  transition  i-*j  (11). 

ion  Indexing  uses  only;  ion  (11). 

ion-kinetic  ( 17). 

ir  Infrared. 

J  Effective  rate  coefficient  for  solar  photodissociation  of 

°2  <3>‘ 

Solar  flux  ( 3). 

Rotational  quantum  number  (14). 
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J‘  Rotational  quantum  number  (14). 

j  Charge  condition  at  a  point  in  the  trajector  y  (15). 

Vibrational  level  (21). 

Indexing  uses;  species  (3,  9,  13). 

directional  components  x,  y,  and  z  (3). 
state  (11). 

final  charge  on  primary  ot  projectile  species 
(15). 

charge  condition  at  a  trajectory  point  (15). 
chemical  process  (16). 
vibrational  level  (2-.). 

K  Eddy  viscosity  (3). 

Equilibrium  constant  (6). 

Designation  in  Figure  1 6- 1 ,  of  work  of  Kasner,  from  Refer¬ 
ence  1 6-20  (16). 

Designation  on  Page  18A-8,  of  work  of  Kebarle,  from 
Reference  18A-20  (18A). 

Dielectric  constant  (21), 

Indexing  use:  characteristic  (21). 

KB  Designation  in  Figures  16-1  and  16-3,  of  work  of  Kasner 

and  Biondi,  from  References  16-2  and  16- 29»  respectively 
(16). 

K„  Equilibrium  constant  for  dissociation  of  diatomic  molecules 

(10). 

K^  Equilibrium  constant  for  ionization  or  electron  detachment 

(10). 

Dielectric  constant  as  affected  by  ions  (21). 

Kolm  Indexing  use  only;  Kolmogoroff* s  Law  (3). 

Kq( v)  Quenching  rate  for  level  "v"  at  a  given  total  density  and 
composition  of  quenchant  (11). 

K^(v)  Chemical  destruction  rate  for  level  'V  (11). 
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K'  Collisional  rate  (11). 

Kqj  Collisional  excitation  rate  (11). 

Kjq  Collisional  deexcitation  rate  (11). 

K  Thermal  conductivity  coefficient  (3). 

Degree  of  ionization  of  plasma  (3). 

k  Wavenumber  (3). 

Boltzmann  constant  (4,  11,  20,  21). 

Rate  constant  or  rate-constant  function,  of  chemical  reac¬ 
tion,  in  the  forward  direction  a*-  written  (6,  11,  18A,  1'), 

20,  24). 

Total  absorption  coefficient  (7). 

Rate  coefficient  of  ion-molecule  reaction  (6). 

Total  three-  body  recombination  rate  coefficient  (16). 
Indexing  use:  kinetic  (4). 

k  Wavenumber  vector  (3). 

kg  Upper  limit  of  wavenumber  for  buoyancy  subrange  (3). 

k^  Photoionization  coefficient  (7). 

Rats  constant  for  inelastic  scattering  from  species  "i"  (20). 

k*  Rate  coefficient  for  Thomson  recombination,  three-body 

neutral -molecule- stabilized,  positive -ion- negative -ion 
recombination  (16). 

kin  Indexing  use  only;  kinetic  (11). 

k,(z)  First-order  rate  constant  for  photoionization  of  species 
J  M.r,  at  altitude  "z"  (13). 

Rate  constant  for  quenching  reaction  where  "M"  is  the 
qu  enchant  (20). 

kn  Reactive  collision  frequency  (20). 
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k(NO')  Rate  coefficient  for  NO+  production  { 1 3), 

kQ  *  2tr/Lo  (3). 

Rate  constant  for  reverse  reaction  (18A), 

k  Rate  constant  for  a  system  having  Maxwellian  distribution 

(6,  14). 

Absorption  coefficient  (Jo). 


k(v)  Rate  constant  for  formation  of  vibrationally  excited  species 
in  level  "v”  (11). 


‘10 


3e 


>  Wavenumber  directional  components  (3). 


=  (ft>/^3)1/4  (3). 

Rate  constant  for  deactivation  of  first  vibrational  level  (20), 

Thr  ee-bedy  recombination  rate  coefficient  with  electron  as 
third  body  (16). 


k^n  Three-body  recombination  rate  coefficient  with  neutral 
spec.es  as  third  body  (16). 

Three-body  recombination  rate  coefficient  (16). 

i  n  -  -  — -.4-  *  .  *  1  n  a  » •>  •  * 

cv/UPVaia  dt  JUU  i\ 

k1  Ra*e  constant  or  rate- constant  function  of  chemical  reac¬ 

tion,  in  the  reverse  direction  as  written  (6). 


h  Boltzmann  constant  (3,  6). 


L  De  .ignition  for  Lyman  radiation  ( 5). 

Optical  pathlength  (13). 

LfiH  Designation  for  Lyman- Birge-Hopfield  system  (9). 
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Lij(0 

L; 


LT 


Inelastic  cross-section  for  low-energy  electron  in  gas  (21). 

Rate  of  process  "j"  leading  to  electron  loss  (16). 

A  measure  of  the  effect  of  wind  shear  in  turbulence,  in 
Equation  3 -67b  (3). 

Energy  loss  function  for  the  jth  vibrational  level  (21). 

Length  scale  of  large  (turbulent)  disturbances  (3). 

Designation  in  Figure  16-2,  of  work  of  Lin  and  Teare,  from 
Reference  16-27  (16). 


LTE  Designation  for  Local  Thermodynamic  Equilibrium  (4,  11). 

Ly  Designation  for  Lyman  radiation  (12), 

L(c)  Energy  loss  function  (21). 

Ly  Length  scale  of  the  smallest  of  eddies  (3). 

L2r  Rate  of  electron  loss  via  two-body  electron-ion  recombina¬ 
tion  (16). 

L^r  Rate  of  electron  loss  via  three-body  electron-ion  recom¬ 
bination  (16). 

A  Distance  (3). 

Charged  rearrangement  rate  constant  for  negative  ions  (9) 
Light  path  (12). 

L  Gas-kinetic  mean  free  path  (3). 

M  Mean  molecular  weight  (2). 

Gram  molecular  weight  (3). 

Reduced  molecular  weight  (6). 

Designation  for  third  body  or  coilisional  partner  (6,  16,  17, 
18A,  19,  20,  24). 

Reduced  mamr,  of  ion-molecule  reaction  pair  (8). 
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M  Projectile  mass,  in  the  method  of  Fleischmann,  Dehmel, 

(cont'd)  and  Lee  (15). 

Designation  for  unspecified  chemical  species  (17,  18A,  20). 
Number  density  of  collision  partner  (20). 

Mass  number  (21). 

MB  Designation  in  Figures  1 6 - 1  and  16-3,  of  work,  of  Mehr  and 
Biondi,  from  Reference  16-21  (16). 

Me  Designation  for  unspecified  metallic  species  (11). 

M^  Molecular  weight  of  species  "i"  (2). 

Mass  number  for  an  ionic  species  (21). 

Reduced  mass  of  ion  +  neutral  pair  (21). 

Mq  Sea-level  mean  atmospheric,  molecular  weight  =  28.  96  (2). 

M(X)  Mass  of  species  "X"  (4), 

;n  Mean  mass  of  an  '’air  molecule"  (3). 

Unspecified  function  of  altitude,  time  of  day,  and  sunspot 
cycle  (5). 

Ionic  mass  (7,  15). 

Concentration  of  attaching  neutral  species  (9). 

Mass  of  electron  (21). 

Indexing  uses:  equation  of  motion  (3). 

combining  proportions  (6). 
molecular  (9). 

momentum -transfer  (11,  21). 
number  of  electrons  stripped  (15). 

ma  Molecular  mass  of  3pecies  "a"  (3). 

m  Mass  of  average  "air  molecule"  (3’,. 

cl  V 

max  Indexing  use  only;  maximum  (11). 
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m  Mass  of  electron  {4,  11). 

e 

Mass  of  bound  electron  on  target  atom  (15). 

rrij  Molecular  mass  of  species  "j"  (3). 

mn  Indexing  use  only;  mutual  neutralization  (16). 

mol  Indexing  use  only;  molecular  (3). 

m^  Mass  of  incident  ion  (15). 

N  Number  of  observations  (3). 

Brunt- VaisSIS  frequency  (3). 

Electron  concentration  (9). 

Number  of  collisions  per  second  per  molecule  at  altitude 

(11). 

Total  number  of  optically  active  molecules  under  irradia¬ 
tion  (11). 

Designation  for  unspecified  chemical  species  (16). 

Molecular  density  (21). 

Indexing  use:  neutral  product  (12). 

Ncqj  Column  density  of  molecules  under  radiative  excitation  ( 1 1) . 

NED  Designation  for  Tno  Experimental  Data  (24). 

Ngx  Total  number  of  optically  active  molecules  under  irradia¬ 
tion  which  become  cx cited  (11). 

N^  Positive-ion  density  (21). 

[Nj  !  Concentration  of  species  "j"  (13). 

4- 

N’  Positive-ion  concentration  (9). 

+ 

N  Density  of  atomic  ions  (9). 

a 

Density  of  molecular  ions  (9). 
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N  Negative-ion  concentration  (9). 

n  Species  concentration  (3). 

Gas  density  (7). 

Concentration  of  detaching  neutral  species  (9). 

Level  of  hydrogenic  species  into  which  recombination  is 
taking  place  (11). 

Density  of  absorbing  gas  (12). 

=  -b  for  certain  r ecombination  reactions  (19). 

Electron  density  (21). 

Indexing  uses:  combining  proportions  (5,  6,  16,  17,  21,  24). 
lev-1  of  hydrogenic  species  (11). 
final  charge  on  initially  neutral  target 
species  (13). 

neutral  species  acting  as  third  body  (16). 
electron  noi3e  (21). 

Number  density  of  target  species  (15). 

Electron  density  (4,  5,  7,  8,  11,  13,  22). 

Space-averaged  electron  density  at  time  "t"  (16). 

Space-averaged  electron  density  at  zero  time  (16). 

Stationary  electron  density  long  after  ionizing  source  is 
turned  on  ( 1 6). 

Mutts  be  !*  of  electrons  effectively  ?.  v*  liable  for  ionization  in 
the  outer  shell  of  projectile  species,  in  the  method  of 
Fieischmann,  Dehmel,  and  Lee  (15). 


n 

e 

(%('>) 

<nefO)> 

ne(«) 


n. 

i 


n. 

J 

i 

n. 

i 


Number  density  of  species  "i"  (2,  20). 
Ion  density  ( 11). 

Number  density  of  species  "j"  (3). 
Fluctuation  of  nj  (3). 
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( 


n.  Mean  value  of  n-  (3). 

J  J 

n£  A  particular  level  into  which  radiative  recombination  is 

taking  place  (11). 

Indexing  use:  level  into  which  radiative  recombination  is 
taking  place  (11). 

nN  N2  species  density  (24). 

2 

nQ  Lo schmidt.  number  (7,  12). 

ns  Density  of  stabilizing  agent  (16). 

n^  Total  species  density  (4). 

n(X)  Species  density  of  "X"  (4). 

n^  Vertical  distribution  of  atomic-oxygen  concentration  (3). 

n9  Vertical  distribution  of  molecular- oxygen  concentration  (3). 

n+  Positive-ion  density  (16). 

n_  Negative -ion  density  (16). 


o  Indexing  uses:  sea-level  (2). 

unperturbed- medium  (3). 
reference  (3). 
turbopauoe  (4). 
pre-magnetic  storm  (5). 
ore-transmission  (7). 
resonant  (7). 

Loschmidt  (7,  12). 
standard- state  (10), 
band-origin  (11). 
atomic  species  (11). 
incidence  (12). 

impact,  in  the  Firsov  mode'  (15). 
Bohr  (15,  21). 
collision-free  (20). 
free-jpacc  (21). 
energy- independent  (21). 
pre-integration  (21). 
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P  Designation  on  Page  18A-9.  of  work  of  Puckett  and  Teague, 

from  Reference  I8A-41  (18A). 


P(b,  u)  Probability  for  charge  transfer  on  collision  at  impact 
parameter  "b"  and  relative  velocity  "u"  (15). 

PCA  Designation  for  Polar  Cap  Absorption  (5,  9). 

Rate  of  process  "i"  leading  to  electron  production  (16). 

p  Pressure  at  altitude  (2). 

Pressure  or  partial  pressure  (3,  8,  10,  20,  21). 

Indexing  uses:  combining  proportions  (6). 

projectile  species  (15). 
plasm?  (21). 

half- integer  spacing  (21). 

o'  Pressure  for  small  perturbation  or  fluctuation  (3). 


P 

Pa 

Pn2 

Po 

pop 

Pi 

Q 


Mean  pressure  (3). 

Partial  pressure  for  species  "a"  (3). 

Pressure  of  Ng  (20). 

Pressure  for  unperturbed  background  (3). 

Indexing  use  only;  population  (4). 

Pressure  at  reference  altitude  (2), 

Diffusional  rate  (3). 

Charac.taristic  Q- number  of  a  resonant  cavity  (7). 
Partition  function  (11). 

Cross-section  (15). 

Capture  cross-section  (15). 

Source  term  (21). 

Indexing  use:  quenching  (11). 
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q 

5a 


Net  -ate  of  radiative  heat  absorption  by  species  "a"  (3). 

Net  rate  of  chemical  energy  evolution  per  unit  mass  (3). 
Source  term  for  electron  momentum-transfer  collisions  (21). 
Specific  slow-ion  production  cross-section  (15). 

Net  rate  of  radiant  energy  absorption  per  unit  mass  (3). 
Rotational  partition  function  for  a  rigid  rotator  (4). 
Vibrational  partition  function  (11). 

Vibrational  partition  function  for  a  harmonic  oscillator  (4). 

Partition  function  of  (molecular)species  "X"  (4). 

Ionization  cross-section  (ambiguous  term)  where  i  =  j  (15). 

Cross-section  for  collisional  charge  exchange  in  heavy- 
particle  collisions,  where  i=n+j  (15). 

Cross-section  for  collisional  charge  exchange  where  i=  1 
(15). 

Total  slow  positive-charge  production  cross-tection  { 1  5). 

Electron  production  cross-section  (15). 

Ion-pair  production  rate  due  to  beta-particle  ionization  of 
air  (5). 

Electron  production  rate  (9). 

Bremsstrahlung  radiation  (11). 

Electron  source  function  (22). 

Indexing  use:  quenching  (9). 

Total  hrat  flux  vector  (3). 

Heat  flux  carried  by  species  "aM  (3). 
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qQ  =  ~  ^oi  at  ^ow  energies  (15). 

j 

qv,v()  f’ranck- Condon  factor  fo7  electronic  transition  involving 
v=  v1  in  excited  state  and  v=  v"  in  ground  state  (11). 

R  Gas  constant  (2,  3,  19). 

Designation  in  Table  9-5,  for  resonance  scattering  process 

•  r\  \ 

\  //• 

Interaction  distance  in  the  method  of  Fieischmann,  Dehmel, 
and  Lee  (15). 

Interouclear  separation  (1 5). 

Indexing  u&cs:  radiant  energy  (3). 

chemical  destruction  (11). 


Re  Reynolds  number  (3). 

Designation  for  real  portion  of  function  (21), 


ReAK. 

i 

Ri 

r 

o 

Ryd 


R 


R 


Xjie 


Real  portion  of  AK^  ,  in  the  low-frequency  limit  (21). 
Richardson  number  (3). 

Impact  parameter,  in  the  Firsov  model  (15). 

Indexing  use  only;  Rydberg  (11). 

Ir radiance  incident  on  volume  element  (11). 

Solar  ir  radiance  upon  the  atmosphere  at  center  wavelength 
X  of  electronic  transition  (11). 


r  Radius  of  interaction  ( 15). 

Indexing  uses:  radiative  recombination  (8,  9). 
recombination  (16). 
reference  ( 16,  19). 
reverse  (18A). 


r  Position  vector  measured  from  earth  center  (3), 

Electron  position  vector,  with  respect  to  trajectory  mid¬ 
point  ( 1 5). 

Indexing  use:  trajectory  midpoint  electron  position  vector  (15). 
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r  Space  vector  (16). 

ra  Electron  position  vector,  with  respect  to  trajectory  point 

(15). 

Indexing  use:  trajectory  point  electron  position  vector  (15). 

r^  Electron  position  vector,  with  respect  to  trajectory  point 

(15). 


ref 


rot 


S 


SID 

S1GMAI 


SIGMAT 


S.. 


sji 


Indexing  use:  trajectory  point  electron  position  vector  (15). 

Indexing  use  only;  reference  (24). 

Indexing  use  nb  rotational  (4,  11). 

Integrated  band  strength  of  transition  (11). 

Electron  density  shape  factor  (16). 

Designation  in  Figure  16-2,  of  work  of  Stein  et  al,  from 
Reference  16-26  (16). 

Designation  in  Figure  16-3,  of  work  of  Sayers,  from  Refer¬ 
ence  16-33  (16). 

Rate  of  chemical  production  or  loss  of  species  "a"  (3). 

Mean  rate  of  chemical  production  or  loss  of  species  "j"  (3). 

Integrated  band  strength  of  electronic  transition  at  its  cen¬ 
ter  wavelength  X  (11). 

Effect  of  collisions  arid  reactions  on  energy  equation  (3), 
Designation  for  Sudden  Ionospheric  Disturbance  (3). 
Designation  for  total  ionization  cross- section  (13). 
Designation  for  total  absorption  cross -scwlion  (13). 


*(*i.  *j) 

*  (*j.  *i) 


(15). 
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f5m,a  Effect  of  collisions,  including  chemical  effects,  on  equation 
of  motion  (3), 

STAT  Designation  for  statistical  model  (15). 

s  Indexing  uses:  shear  (3). 

solar  continuum  (11). 
symmetric  (15). 
stabilizing  agent  (16). 

solar  Indexing  use  only;  solar  conti  '.uum  (11). 

T  Temperature  or  kinetic  temperature  or  translational  tem¬ 

perature  (2,  3,  4,  6,  8,  11,  14,  16,  17,  18A,  19,  20,  24). 

Exospheric  temperature  (5). 

Designation  in  Table  9-5,  of  excitation  transfer  process  (9). 

Kinetic  energy  operator  (15). 

Indexing  uses:  thermal  (3). 

total  (12). 

{T}  Designation  for  simultaneous  variation  of  T  ,  T^,  and 

Te  (16). 

Tav  Average  kinetic  temperature  (11). 

T^  Dissociation  temperature  (4). 

Tg  Electron  temperature  ( 5,  8,  16,  20,  21,  24). 

{Tp}  Designation  for  variation  of  T„  alone  (16). 

T  Excitation  temperature  (4). 

T  Gas-kinetic  temperature  (21). 

s 

T  Gas-kinetic  temperature  (16). 

T.  Ionization  temperature  (4). 

Ion-kinetic  temperature  (5,  24). 

Poiitive-ion  temperature  (16). 
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Designation  for  Traveling  Ionospheric  Disturbance  (3). 
Ion-kinetic  temperature  (17), 

Effective  temperature  of  species  "j"  (3), 

Fluctuation  of  Tj  (3). 

Mean  value  of  Tj  (3). 

Kinetic  temperature  (4), 

Kinetic  temperature  (11). 

Molecular- scale  temperature  (2). 

Indexing  use  only;  normalization,  in  the  method  of  Fleisch- 
mann,  Dehmel,  and  Lee  (15). 

Electron  noise  "temperature"  (21). 

Designation  for  Time-of- Flight  (7). 

Population  temperature  (4). 

Reference  temperature  (16,  19). 

Reference  temperature  (24). 

Rotational  temperature  (11). 


ipvl  UWUi  h  -u/« 


Vibrational  temperature  (4,  20,  24). 


Vibrational  temperature  (11,  18A). 


Designation  for  translational- vibrational  energy  transfer 

(in. 


Positive-ion  temperature  (16). 
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t  Time  (3,  5,  11,  15,  16,  19,  20,  21). 

Indexing  uses:  threshold  (6) 

target  species  (15). 

th  Indexing  use  only;  thermal  (3). 

tQ  Initial  time  of  integration  (21). 

tot  Indexing  use  only;  total  (4). 

tr  Indexing  use  only;  translational  (20). 

U  Potential  energy  of  found  electron  (15). 

UHF  Designation  for  Ultra  High  Frequency  (7). 

UV  Designation  for  Ultraviolet. 

u  Speed  (3). 

=  2.  855  9/X  (11). 

Relative  velocity  (15). 

Radial  component  of  relative  velocity  on  collision,  in  the 
Firsov  model  (15). 

Indexing  uses:  relative  velocity  (15). 

energy  exchange  (21), 

u  Velocity  vector  (3). 

u  Velocity  vector  for  small  n^rtiirViAtlon  nr  fluctuation  (3). 

il  Mean  velocity  vector  (3). 

u  Velocity  vector  for  species  "a"  (3). 

3. 

ur  Arbitrary  reference  velocity  (3). 

Uj  Directional  components  of  velocity  (3). 

Uj  Mear.  directional  components  of  velocity  (3). 
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Ionizational  impact  velocity,  in  the  Firsov  model  (15). 
uv  Designation  for  ultraviolet. 

u.  Vertical  component  of  diffusion  velocity  of  atomic  oxygen 

(3). 

u^  Vertical  component  of  diffurion  velocity  of  molecular 

oxygen  (3). 

V  Volume  (10). 

<■ 

Va(r&)  Potential  centered  on  trajectory  point  (15). 

V^r^)  Potential  centered  on  trajectory  point  (15). 

VT  Designation  for  vibrational- translational  energy  transfer 

UC). 

V-T  Designation  for  vibrational-translational  energy  transfer 

(11). 

VV  Designation  for  vibrational -vibrational  energy  transfer 

(20,  24). 

V-V  Designation  for  vibrational-vibrational  energy  transfer  (11). 

v  Initial  velocity  (3). 

Relative  collisional  velocity  (6). 

Vibrational  level  or  quantum  number  (9,  11,  16,  20,  24), 
Velocity  (15,  21), 

Indexing  uses:  constant  volume  (3). 

vibrational  (4,  11,  20,  24). 

v  Velocity  vector  (15). 

v  Velocity  vector  (15). 

v1  Vibrational  level  in  excited  electronic  state  (11). 

Vibrational  level  ir.  unspecified  electronic  state  (20). 
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v'v"  Indexing  use  only;  electronic  transition  involving  two  states 
for  which  v=  v1  and  v-  v",  respectively  (11). 

v"  Vibrational  level  in  ground  electronic  state  (11). 

Vibrational  level  in  unspecified  electronic  state  (20). 

V  Mean  number  of  vibrational  quanta  excited  in  ground  elec¬ 

tronic  state  through  fluorescence  (11). 

vg  Velocity  of  bound  electron  on  target  atom  (15). 

Vg  Parameter  defined  in  Equation  15-11  (15). 

vib  Indexing  use  only;  vihrational  (4,  11,  18A), 

v  Maximum  vibrational  level  (11). 

max 

vol  Indexing  use  only;  volume  (11). 

v^  Velocity  of  incident  ion  (15), 

Parameter  defined  in  Equation  15-11  (15). 

W  Designation  for  west  (3), 

Designation  for  unspecified  chemical  species  (6,  10). 

WB  Designation  in  Figure  16-2,  for  work  of  Weller  and  Biondi, 
from  Reference  16-24  (16). 

W-K  Designation  for  Watson-Koontz  system  (9). 

w  Electron  drilt  velocity  (21). 

X  Designation  for  unspecified  chemical  species  (6,  9,  10,  11, 

14,  16,  17,  24). 

Indexing  uses;  chemical  species  (4,  8,  14), 
functional  (21). 

(X]  Concentration  of  species  "x"  (11). 

X'  Indexing  use  only;  chemical  species  foi  product  atom  which 

may  be  in  a  bound  excited  state  (8). 
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Indexing  use  only;  electronic  excitation  (X  -*  A)  (20). 

Number  density  of  species  "X"  in  the  ith  vibrational  level 

(ID. 

Column  density  of  species  "X"  (11). 

Wind  direction  (3). 

A.bsorption  pathlength  (?). 

Distance  of  primary  or  projectile  species  beam  through 
target  (15). 

Distance  (21). 

Indexing  uses:  wind  direction  (3). 

combining  proportions  (11). 
ground-state  (12). 

Mean  chemical  reaction  rate  term,  in  Equation  3-68b  (3). 
Mean  chemical  reaction  rate  vector,  in  Equation  3-68c  (3). 
S  (bj/a^d/In)172  =  yb1/aQ  (15). 

Designation  for  unspecified  chemical  species  (6,  9,  10,  11, 
16,  17,  24). 

Directional  coordinate  (3). 

Normalized  energy,  in  the  Firsov  model  (15). 

Indexing  use:  directional  (3), 

Designation  for  unspecified  chemical  species  (6,  10). 
Altitude  (9). 

Number  of  collisions  (11). 

Nuclear  charge  on  species  "a",  in  the  Firsov  model  (15). 
Nuclear  charge  on  species  "b'",  in  the  Firsov  model  (15). 
Number  of  collisions  per  i-*j  transition  ()  1). 
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Z  Number  of  charges  on  projectile  species,  in  the  method  of 

^  Fleischmann,  Dehmel,  and  Lee  (I1'). 

Z  Number  of  charges  on  target  species,  in  the  method  of 

Fleischmann,  Dehmel,  and  Lee  (15). 

Number  of  charges  on  incident  ion  (15). 

Number  of  collisions  required  for  translational- vibrational 
energy  transfer  (11). 

Number  of  collisions  required  for  vibrational-vibrational 
energy  transfer  (11). 

z  Altitude  (2,  3,  13). 

Indexing  use:  altitude  (3,  13). 

Reference  altitude  (3). 

Reference  altitude  (2). 

Effective  rate  coefficient  for  three-body  oxygen-atom 
recombination  (3). 

Molecular  polarizability  (8). 

Total  recombination  rate  coefficient  (16). 

Atomic  polarizability  (21) 

Recombination  parameter  (21), 

Ion-electron  recombination  coefficient  (9). 

Ion- electron  dissociative  recombination  coefficient  of 
molecular  ion  ’ ' i' 1  (9). 

A  numerical  constant  sel  (3). 

Ion- electron  or  dielectronic  recombination  coefficient 

(5,  8). 

a  ,,  Effective  recombination  coefficient  (9). 
eff 
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oq  Thermal  diffusion  coefficient  of  species  "i"  (2). 

Ion-ion  neutralization  coefficient  (9). 

a1  Ion- ion  recombination  coefficient  (9). 

“1“  4- 

a(M  )  Recombination  rate  coefficient  for  Mr  (16). 

a  Two-body  mutual  neutralization  rate  coefficient  (161. 

mn 

ar  Radiative  recombination  coefficient  (8). 

Radiative  atomic-ion  recombination  coefficient  (9). 

av  A  numerical  coefficient  sa  1  (3). 

Two-body  recombination  coefficient  (16). 

0;^  Equivalent  two-body  rate  coefficient  for  three-body  elec¬ 

tron-stabilized  recombination  (16). 

/9  Altitude- variant  coefficient  (5). 

Electron  attachment  coefficient  (9). 

j8j  Non-isomeric  molecular  diffusivity  term,  in  Equation  3- 67c 

(3). 

ft?  Non-isomeric  turbulent  diffusivity  term,  in  Equation  3-67d 

(3). 

re  Electron  vectorial  current  density  (16). 

y  Ratio  of  specific  heats  (3). 

Negative- ion  chemical  and  collisional  detachment  coefficient 
(9). 

(I/IH>1/2  (15). 

AA  Reaction  work  function  (10). 

Aa°  Standard- state  reaction  work  function  at  0  K  (10). 
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Aa 

Ab 

Ac 

AE 


AE. 


if 


AE° 

AF 

AFq 

*fo 

AK 


0 


AH 
AK 

AKj 

A  1M 

» i 

AT 


0 


AX 


f 


Uncertainties  in  rate-constant  function  parameters  a,  b, 
and  c,  respectively  (19)* 


Excitation  energy  (4). 

Reaction  energy  (10,  19). 

Energy  transferred  on  collision  (IS), 

Indexing  use:  coUlsional-transfer  energy  (IS). 

Radiant  energy  at  intermediate  frequency  in  the  transitional 
energy  range  (20). 

Standard- state  reaction  energy  at  OK  (10). 


Reaction  free  energy  (10), 

Standard- state  reaction  free  energy  at  OK  (10). 
Resonant  frequency  shift  (7). 

Reaction  enthalpy  (1.0,  17,  19). 

Standard- state  reaction  enthalpy  at  0  K  (10). 
Change  in  dielectric  constant  (21). 

Change  in  dielectric  constant  caused  by  ions  (21), 
Standard- state  reaction  work  at  OK  (10), 


Temperature  change  in  exosphere  during  magnetic  storms 

( 5). 

Wavelength  range  (13), 

Indexing  use:  wavelength  range  (13). 

Emission  rate  ( 1 1). 

General  normalized  energy  parameter,  in  the  method  of 
Fleisclimann,  Dehmel,  and  Lee  (15). 


A -32 


APPENDIX  A 


f  Electron  excitation  energy,  in  the  Firsov  model  (15). 

(cont  d)  yikrationai  energy  (20). 

Electron  energy  (21). 

Indexing  use:  electron  energy  (21), 

(  Mea.n  electron  energy  (21). 

e-.  Energy  loss  cross-section  for  the  jth  state  of  species  "i" 

J  (21). 

e  Characteristic  energy  of  electrons  (21). 

X\ 

eo  Ionization  energy,  in  the  Firsov  model  (15). 

Dielectric  constant  of  free  space  (21). 

Emission  rate  per  unit  wavelength  range  (11). 

Molecular  viscosity  (3). 

Emission  rate  per  unit  frequency  range  (11). 

TJ  Fluorescence  efficiency  for  electrons  producing  indicated 

radiation  (9). 

0  Angle  between  wind  direction  ana  north,  or  the  axis  of 

rotation  of  £1  (3). 

'■w 

Characteristic  temperature  (11). 

Scattering  angle  (14). 

Sc  Cone  half- angle  (7). 

0y  Characteristic  vibrational  temperature  (20). 

X  Mixing  length  (3). 

Wavelength  (7,  11,  12,  13,  20). 

^  N"/N  (9). 

Indexing  uses:  wavelength  (11,  13). 
light  (12). 
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M 


Center  wavelength  of  electronic  transition  (11). 

Wavelength  at  band  origin  (11). 

Wavelength  of  exciting  irradiation  (11). 

Viscosity  coefficient  (?). 

Reduced  mass  of  collision  (6). 

Thermal  mobility  (21). 

Indexing  use:  radiant  medium  (11). 


Ma 


Kab 


Mi 

v 


Viscous  coefficient  of  species  "a"  (3). 

Reduced  mass  of  molecule  AB  (4). 

Thermal  mobility  of  ionic  species  (21). 

Kinematic  viscosity  (3), 

Frequency  of  light  (6,  7,  17,  19,  20,  24). 

Frequency  of  exciting  irradiation  (11). 

Electron  collision  frequency  (21). 

Indexing  uses:  viscosity  (3). 

frequency  ( ?  1  /. 


V'  Vibrational  quantum  number  for  upyer  electronic  state 

involved  in  transition  (14). 


v"  Vibrational  quantum  number  for  lowe  electronic  state 

involved  in  transition  (14). 


V  Frequency  of  electron  attachment  collisions  (21). 

V  (t)  Frequency  of  electrun-ion  momentum-transfer  collisions 

(21). 

Frequency  of  fluorescing  radiative  output  (11). 

Collision  frequency  for  ionic  species  (21). 
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(. 


( 


1 


V, 

J 


Collision  frequency  for  molecule  in  the  jth  vibrational  le /el 

(21). 


y  ( € )  Frequency  of  electron  momentum-transfer  collisions  (21). 

vQ  Wavenumber  at  band  origin  (11). 

Energy- independent  electron  collision  frequency  (21). 


vs  Frequency  of  irradiating  light  in  the  solar  continuum  (11). 


V'soi^r  Frequency  of  irradiating  light  in  the  solar  continuum  (11). 

l^u(eK)  Rate  coefficient  for  electron  energy  exchange  with  gas, 
equal  to  electron  energy  exchange  frequency  in  the  dc 
electric-field  case  (21). 


IT 


P 


P' 

P* 

o 

•  y 


cr 


Total  viscous  stress  tensor  (3). 

Viscous  stress  tensor  of  species  "a"  (3). 

Density  or  total  density  (2,  5). 

Mass  density  (3). 

Negative-ion  photodetachment  rate  (9). 

Impact  parameter  (15). 

Mass  density  for  small  perturbation  or  fluctuation  (3). 

Mass  density  for  species  "a"  (3). 

Mass  densitv  fnr  unrn*»rtuy1-><»cl  background  {3), 

Density  prior  to  magnetic  storm  (5). 

Reaction  cross- section  (6). 

Absorption  cross-section  (7,  12). 

Cross- section  ( 14,  15,  18A). 


Cg.  Monoenergetic  cross-section  (6). 

cr{ E>i  Generalized  cross-section  for  single  electrc  n  loss,  in  the 

method  of  Fleischmann,  Dehmel,  and  Lee  (15). 
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cr(E/Ej),pj^  Normalized  cross- section  for  single  electron  loss,  in 
the  method  of  Fleischmann,  Dehmel,  and  Lee,  and 
vhich  equals  cr/aD  of  the  Firsov  model  (15). 


eff 

fae 


Effective  cross-section  for  the  transfer  of  energy  AE  (15). 


tr.  Photoionization  :ross- section  (7). 

Ionization  cross-section  (12). 

Ionization  cross-  section  for  ions  of  positive  charge  state 
"i"  (14). 


PM 


cn.  Electron  capture -and-loss  cross-secticn  (15). 

<7-(e)  Excitation  cross-section  for  the  jth  state  of  species  "i"  (21). 

cr(I,  u)  Cross-section  for  charge  transfer  at  ionization  potential 
"I"  and  relative  velocity  "u"  (15). 


ffix  Ion-product  cross-section  to  the  "X"  state  of  the  ion  pro¬ 

duced  (12). 


CTj(AX) 


Absorption  cross-section  of  species  "j"  at  wavelength 
range  "AX"  (13). 

Ionization  cross-section  of  species  "j"  at  wavelength  "X" 
(13). 


0  Momentum-transfer  cross- section  ( 11). 

m 

<jn  Neutral  product  cross-section  (12). 

crnl(v)  Cross-section  for  photoabsorption  of  initial  state  "nJf"  (11). 

rr  A  constant  for  atomic  species  (11). 

o 

Ionization  cross-section  on  impact,  in  the  Firsov  model 
(15). 

crT(X)  Total  ionization  cross-section  for  species  "X"  (14). 
aT(X)  Total  absorption  cross-section  (12). 
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a01 

a0j 

CT1 


aio 


Absorption  cross-section  for  02  at  zero  atmosphere  pres¬ 
sure,  by  extrapolation  (Herzberg  continuum)  (12). 


at  low  energies  (15). 


J 

Electron  stripping  cross-section  from  neutrals  (15). 


Absorption  cross-section  for  at  one  atmosphere  pres¬ 
sure  (Herzberg  continuum)  (12). 

Cross-section  for  stripping  "m"  electrons  in  N+  upon  N2 
impact  (15). 

in  the  low-energy  limit  (15), 


T  Time  for  onset  of  turbulent  dispersion  (3). 

Recovery  time  (9). 

Relaxation  time,  or  the  e-folding  time  of  f  (20). 


rj(AX) 

To 

r(AX) 

$ 

<MAXI 


Effective  lifetime  for  collisional  deexcitation  (20). 

Optical  depth  in  wavelength  range  "AX"  for  species  "j"  (13). 
Collision-free  radiative  lifetime  of  excited  species  (20). 
Optical  depth  in  wavelength  range  "AX"  (13). 

Rayleigh  dissipation  function  (3), 

Local  photon  flux  in  the  wavelength  ranee  "AX"  at  altitude 
"z"  (13). 


^(AX)  Photon  flux  in  the  wavelength  range  "AX"  at  the  top  of  ’he 
atmosphere  (13). 

0  Latitude  (2,  3). 


0.(r  )  Bound-state  wavefunction  for  the  charge  state  "i"  at  a 
trajectory  point  (15). 

0.{r  ,  r)  Wavefunction  defined  in  Equation  15-18  (15). 

1  ’  p  <V 
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£:(r  .  > 
J  ~b 


Bound-state  wavefunction  for  the  charge  state  "j"  at  a 
trajectory  point  (15). 


Q 


WaT/e:unction  defined  in  Equation  15-19  (15). 
Total  wavefunction  (15). 

2-  to  or  W±u:be  or  to±cobi  (21). 

Angular  velocity  of  earth's  rotation  (3). 


to  Frequency  (3). 

Frequency  of  alternating  electric  field  (7). 
Angular  frequency  of  applied  electric  field  (21), 


to  sc/2H(3). 

cl  U 

tob  Cyclotron  frequency  for  electrons  in  a  magnetic  field  (21). 

to^j  Cyclotron  frequency  for  ions  in  a  magnetic  field  (21). 

to  Angular  or  cyclotron  frequency  of  orbital  motion  (7). 

X  Vibrational  constant  (4,  11). 

to  x  First  anharmonic  correction  term  (11). 

e  e 

(0  Plasma  resonance  frequency  for  electrons  (21). 

Pe 

CO,  Wind  shear  (3). 


Numbers  used  os  indices: 

0  Reference  condition  (3). 

Temperature  of  OK  (10,  19). 

Zero  atmosphere  pressure  (12), 

initial  charge  on  neutral  target  species  (15). 

Zero  time  lib). 

Functional  (21), 
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Excitation  (11). 

Reference  condition  (2). 

Atomic  oxygen  (3). 

Molecular  (3). 

Vibrational  level  (10). 

One  atmosphere  pr  ss-tre  (12). 

Incident  particles  before  collision  (15). 

Cut-off  (15). 

Stripping,  in  collision  of  N+  or.  (15). 

Deexcitation  (11). 

Deactivation  of  first  vibrational  level  (20). 

Moleculai  oxygen  (3). 

Turbulent  (3). 

Vibrational  level  (10). 

Incident  particles  after  collision  (15). 

Number  of  electrons  stripped,  in  collision  of  N+  on  N? 
(15). 

Two-body  process  (16). 

Functional  (21). 

Vibrational  level  (10), 

Number  of  electrons  stripped,  in  collision  of  N+  on 
(151. 

Three-body  process  (16). 

Number  of  electrons  stripped,  in  collision  of  N+  on 
(15). 

Temperature  of  300  K  (24). 
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Top  of  atmosphere  (13), 

End  of  trajectory  (15). 

Designation  of  long  time  after  ionizing  source  is  turned  an 
£16). 


Miscellaneous  symbols  used  os  indices  (where  "X"  is  taken  as  an  ananymaus 
symbol  modified  by  each  index): 

X1  Fluctuation  or  perturbation  (3). 

Miscellaneous  (3), 

Reverse  (6). 

Bound  excited  state  (8). 

Collisional  (11). 

Excited  electronic  state  (11). 

Ionization  (13). 

Secondary  of  a  type  (L4). 

Upper  electronic  state  (14). 

For  special  parameter  (15). 

Unspecified  electronic  state  (20). 

X"  Ground  electronic  state  (11). 

Dower  electronic  state  (14), 

Unspecified  electronic  state  (20). 

X  Vector  M  1  M. 

•*-w 

X  Tensor  (3). 

X  Vector  (15,  16). 

X  Mean  (3,  11,  21). 

(x)  Space-averaged  ( 16,  21). 

m  Variation  (3,  16). 
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[X] 

Number  density  or 

concentration  (3,  9, 

|X| 

Absolute  value  (3, 

15,  21). 

x+ 

Positive-ion  (9). 

x+ 

Positive-charge  (15). 

Positive-ion  ( 16). 

x’ 

Negative-ion  (9). 

X 

Electron  (15). 

Negative-ion  (16). 

10,  11). 
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APPENDIX  B 
CONSTANTS 


t 


Atomic  mass  unit 
Avogadro  number 


1. 660  x  10  g 
23 

6.0225  x  10  molecules  mole 


Base  of  natural  logarithms 
Boltzmann  constant 
Density  of  air  at  sea  level 
Electronic  charge 

Electronic  mass 

Fine  structure  constant 

Gas  constant 


2.  7183  (Ln  X  =  2.  3026  Log  X) 

1.  -'805  x  10  ^  erg  K  * 

1.  293  x  10‘3  g  cm-3 

1.  6021  x  i0  coul 
4.  803  x  J  0  ^  3  esu 
?  H 

9.  109  x  10  g 

7.  30  x  10"3 

1.  987  cal  mn'p  K 

6.95  x  10  cm  *  molecule  *  K 

82.  05  cm3  atm  mole  K  * 

8.61  x  10  J  eV  molecule  3  K  ^ 

8.  3144  x  10~  erg  mole  K  ^ 
1.38  x  10  erg  molecule  *  K 
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Gas  constant  (cont'd) 

Gravitational  acceleration 
Loschmidt  number 

Planck  constant 
Rydberg  constant 
Velocity  of  light  in  vacuum 
Velocity  of  sound  in  air  at  STP 


1.987  x  10  ^  kcal  mole  K 

-2.  -1-1 
8.205  x  10  liter  atm  mole  K 

-2 

980.  665  cm  sec 

19  -3 

2.69  x  iO  molecules  cm 

-27 

6.  6256  x  10  erg  sec 
5  -1 

1. 097  x  10  cm 
2.99793  x  1010  cm  sec 
3  31.7  m  sec 
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CONVERSION  FACTORS 


ALTITUDE 


km 

kft 

statu,  e 
miles 

nautical 

miles 

1  kilometer 

1 

3.281 

0.6214 

0.5396 

1  kilofaot 

0.3048 

1 

0.1894 

0.1645 

1  statute  mile 

1.609 

5.280 

1 

0.8690 

1  nautical  mile 

1.853 

6.080 

1.1516 

1 

ANGLE 


minutes 

degrees 

radians 

revolutions 

1  second 

1.667  x  10"2 

2.778 x  10-4 

4.848  x  lO"6 

7.72  x  10'8 

1  minute 

1 

1 .667  x  10”2 

2.909  x  10“4 

-A 

4.63  x  10 

1  degree 

60 

1 

1.745  x  10'2 

2.7  x  10  3 

1  radian 

.3.44  x  103 

57.30 

1 

0.1592 

1  revolution 

2.16  x  105 

360 

6.283 

1 

C-l 


CONCENTRATION 


3.54  x  10  cm  (ot  1  torr,  0C)  JTo 


— 


lO  CN 

”o 


E  S 

O  CO 


O  CN 
2  CO 


CN 

<3 

O 

rv. 

o 

'O 

r~o 

T 

o 

'o 

r 

o 

-o 

’~o 

°o 

CN 

o 

X 

0*4 

X 

X 

X 

X 

X 

X 

X 

X 

o 

’O 

— 

o* 

cs 

in 

o 

CO 

0*4 

o 

♦ 

• 

• 

N* 

1—* 

o 

CN 

'“o 

CO 

*""o 

in 

CN 

O 

T 

o 

CM 

1 

O 

*n 

CO 

CN 

o 

o 

* 

r— 

p— 

o 

NO 

0*4 

X 

X 

X 

X 

* 

x 

't 

CN 

n* 

CN 

CN 

CN 

»n 

co 

CO 

00 

-o 

• 

0*4 

'C 

-o 

o" 

o- 

0*4 
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LENGTH  (see  olso  Altitude,  Woveiength) 


cm 

meters 

inches 

feet 

1  A 

,0-* 

o 

• 

o 

3.937 x  10"9 

3.281  x  10"10 

1  pm 

io~4 

10"* 

3.937  x  10~5 

3.281  x  10"6 

1  cm 

1 

,o-2 

0.3937 

3.281  x  10'2 

1  meter 

100 

1 

39.37 

3.281 

1  inch 

2.540 

2.54 x  10'2 

1 

8.33 x  10'2 

1  foot 

30.48 

0.3048 

12.0 

1 

1  astronomicol  unit  =  1.495  x  10^  miles 
1  Bohr  unit  =  5.2917  x  10"1  A 


MASS 


greets 

a*  i nref 

r*Ai 

t  a  «r 

•  v*  •- 

1  from 

1 

3.53 x  10~2 

2.205  x  10"3 

l.lOx  10"4, 

1  ounce 

28.35 

1 

6.25  x  10'  2 

3.12  x  10’5 

1  pound 

453.6 

16.0 

1 

5. Ox  10"4 

1  ton 

9.07 x  1G5 

3.2  x  104 

2.0 x  103 

1 
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PRESSURE 


otm 

bar 

psi 

iarr 

1  atmosphere 

1 

1.0133 

14.70 

760 

1  bor 

0.9869 

1 

14.51 

750 

1  dyne  cm  2 

9.87  x  10'7 

1  x  10"° 

1.45  x  10“5 

7.50  x  10-4 

1  inch  Hg 

3.34  x  10"2 

3.38  x  t0~2 

0.491 

25.4 

1  psi 

6.804 x  10“2 

6.91  x  10"2 

1 

51.72 

1  torr  -  1  mmHg 

1 .316  x  10~3 

1.33  x  10"3 

-2 

!.°3x  10 

1 

RADIANT  FLUX 


6  ~2  —  1 
1  Rayleigh  =  10  photons  cm  sec 


REACTION-RATE  CONSTANTS 
Blmoleculor: 


k  (cm3malecule  sec  ')  x  6.02  x  102^  -  V  (litei  male  '  sec  ') 

,  „.v  ,  -1  -K  . -21  .  ,  3  .  .  -1  -1 

><  \ii.er  iViOic  set.  i  x  i.uox  iu  -  K  ter.  molecule  sec  ) 

k  (ppm  '  min  ')  x  2.27  x  10  '3T  =  k  (cm3molecule  '  sec  ') 

k  (ppm  '  sec  ')  x  1  .36  x  10  *^T  -  k  (cm^molecule  '  sec  ') 

k  (ppm  sec  ')  x  4.05  x  10  '4  =  k  (cm3molecule  '  sec  ')  ot  25 C 

k  (torr  'sec  ')  x  1.04  x  10  '^T  =  k  (cm3molecule  'sec  '} 

-1  -1  -17  3  -l  -1 

k  (torr  sec  )  x  2.84  x  10  =  k  (cm  molecule  sec  )  at  0C 

k  (tarr  '  sec  ')  x  3. 10  x  10  '  7  -  k  (cm3  molecule  '  sec  ')  ot  25  C 


DNA  1943H 


REACTION-RATE  CONSTANTS  (Cont'd.) 

Termolecular: 

k  (cm^moleeule  ^  sec  ^)x3.62x  10^  =  k  (liter^mole  ^sec 
k  (liter'4 mole  Oec  ^)x2.76x  10~^  =  k  (cm^molecule  ^sec 
k  (ppm  ^min  ')  x  5. 15  x  10  =  k  (cm^molecule  ^sec 

k  (ppm  ^sec  ')  x  1.85  x  10  ^T^  =  k  (cm^malecule  ^sec  ') 

k  (ppm  ^sec  ')x  1 .64  x  10  ^  =  k  (cm^  molecule  ^sec  ' )  ot  25  C 

k  (torr  ^sec  x  1.08  x  10  ^T^  =  k  (cm^molecule  ^sec 

k  (torr  ^sec  x  8.05  x  10  ^  =  k  (cm^  molecule  ^sec  ')  ot  0C 

t\  i  oi  /  *y  i 

k  (torr  sec  )  x  9.59  x  10  =  k  (cm  molecule  sec  )  at  25 C 


TEMPERATURE 

T  (C)  =  T(K)-  273.16 
T(C)=  [T(F)-32]/l.8 
T  (C)  »  CT  (R)  -  491.7] /1 .8 

T(F)  =  1.8  T(C)  +  32 
T  (F)  =  1.8  T  (K)-  459.7 
TfFI  r  T  fRl  -  459.7 

\  i  * 

T  (K)  =  T(C)+  273.16 
T  (K)  --  [T  (F)  -  32] /1 .8  +  273.16 
T  (K)  =  [T(R)-  491.7] /l. 8  +  273.16 

T  (R)  =  1.8  T  (C)  +  491.7 

T  (R)  =  T  (F)  +  459.7 

T  (R)  =  1.8  [T  (K)-  273.16]+  491.7 
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TIME 


secs  mins  hrs  days 


1  shake 

CO 

1 

o 

X 

1  second 

] 

1.667  x  10~2 

2.77  x  10"4 

1.16  x  10"5 

1  minute 

60 

1 

1.667 x  10"2 

6.94  x  10'4 

1  hour 

3600 

60 

1 

4.167  x  10"' 

1  day 

8.64  x  I04 

1.44  x  103 

24 

1 

VELOCITY 


,  -1 

1  cm  sec 

- 

2.237  x  10  2  mi 

1  ft  sec  ' 

— 

30.48  cm  sec 

1  ft  sec 

8 

0.6818  mi  hr  ^ 

)  knot 

8 

1  nautical  mi  hr 

1  knot 

8 

51,5  cm  sec  ^ 

i  i — i. 

1  AOO  fi 

1  IMKJI 

l  •  WV  •  l  1  9CV. 

1  mi  hr  ' 

= 

44.70  cm  sec  ^ 

1  mi  hr  ^ 

1 .467  ft  sec  ^ 
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VOLUME 


3 

cm 

ft3 

.  3 
in 

1  cm3 

1 

3.531  x 

,o-5 

6.102  x  10"2 

1ft3 

2.832  x  104 

1 

1.728  v.  103 

,  .  3 

1  in 

16.39 

5.787  x 

io"4 

1 

1  gallon 

3.785  x  103 

0.1337 

231 

1  liter 

1000 

3.531  x 

.<f2 

61.02 

WAVELENGTH 

A 

cm 

fi  m 

nm 

1  A 

i 

o 

1 

CO 

! 

o 

io'5 

1  cm 

108 

1 

IO4 

io7 

1  /im 

104 

io-4 

1 

io3 

1  nm 

io1 

io"7 

IO"3 

1 

WAVELENGTH  -  ENERGY 

A(A)  x  E  (eV) 

=  12,400. 

X  (A)  x  E  (erg  photon 

=  2x10" 
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APPENDIX  D 
GLOSSARY 


Absorption  Coefficient  -  The  absorption  coefficient,  k„  of  a  gas  ia  defined  by: 

— K  x 

Iy  =  v  ,  of  frequency  v 

where  JQl/ia  tbc  intensity  of  the  para  lcl  light  of  frequency  v  incident 
on  the  absorbing  layer,  x  is  the  thickness  of  the  layer,  and  1^  ia  the 
intensity  of  the  transmitted  light;  both  I^snd  1^  ,  are  in  general  functions 
of  v,  the  frequency.  The  usual  units  of  ky  are  cm'1,  although  the 
concentration,  n,  i*  frequently  eliminated  by  reporting  a  cross  section; 
ky  -  Ov  n , 

Accuracy  -  Tbc  accuracy  of  a  measurement  refers  to  the  probable  departure  from 

an  absolute  standard  for  that  measurement;  it  msy  differ  from  the  precision 
because  of  systematic  errors  inherent  in  the  method. 

Activation  Energy  -  When  rate  coefficients  for  chemical  reactlona  are  correlated 
aa  s  function  of  temperature  by  the  relation; 

k(T)  -  ATbe'E/RT 

E  Is  the  empirical  term  called  the  activation  energy;  Its  value  may  be 
cloae  to  the  more  iundsmental  threshold  energy  for  elementary  chemical 
reactions. 

Aero  tunny  -  The  science  of  the  upper  region  of  the  atmosphere. 

Alrglow  -  Luminosity  of  the  upper  regions  of  the  atmosphere.  This  includes 
dayglow,  twilightglow  end  nightglow. 

Ambipolar  Diffusion  The  high  diffusion  coefficient  of  electrons  tends  to  create 

a  charge  separation  when  elcctrona  diffuse  more  rapidly  than  iona  toward 
regions  of  lower  concentration.  Electric  forces  created  by  the  deviation 
from  local  charge  equality  tend  to  restore  the  balance  by  retarding  the 
electrons  and  accelerating  the  positive  ions.  Both  speclea  of  charged 
particles  therefore  diffuse  with  the  same  velocity  without  regard  to  sign, 
and  therefore  auch  diffusion  is  called  ambipolar. 

Association  ■  Tbc  general  term  used  to  describe  processes  in  which  groups  of 

atome  or  molecules,  charged  or  neutral,  react  o  form  molecules  which 
sre  aggregates  of  the  colliding  bodies.  Such  processes  can  be  two  body 
hut  are  generally  stabilised  by  a  third  body. 
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Attachment  -  The  process  by  which  an  electron  is  captured  by  a  neutral  atom  or 
molecule  to  form  a  stable  negative  ion. 

Aurora  (aurora  polaris)  -  rapidly  varying  displays  of  luminosity  at  high  altitudes 
in  the  polar  regions. 

Auroral  Regions  -  Regions  between  geomagnetic  latitudes  of  G0°  and  the  poles. 

Auroral  Zone  -  Regions  within  the  auroral  regions  where  auroras  occur  most 
often. 

A7,A  -  Auroral  Zone  Absorption  events  are  associated  with  aurora  particles 
and  geomagnetic  disturbances.  The  AZA  is  caused  by  bombnrdment 
of  the  upper  atmosphere  by  eharged  particles  (mainly  electrons)  guided 
Into  auroral  latitudes  by  *^e  earth's  magnetic  field. 

Band  Radiation  -  When  observing  molecular  gases  in  absorption  or  emission  under 
low  dispersion,  the  spectra  consist  of  more  or  foss  broad  wavelength 
regions  called  bands,  which  arc  associated  with  many  rotational  trans¬ 
itions  within  a  fixed  electronic  and  vibrational  transition. 

Beam  -  a  stream  ol  wo.il  collimated  particles  usually  at  energies  well  abovo  thermal 
and  usually  with  a  narrow  range  of  energy  distribution. 

Btomolecular  -  This  term  indicates  that  the  elementary  reaction  referred  to  occurs 
as  the  result  of  a  two  body  collision,  (compare  second  order) 

Black  Body  Kadtati'  n  -  Idealised  radiation  which  may  be  npproached  by  the  radiation 
emitted  or  absorbed  by  a  small  hole  in  a  cavity  wall.  The  energy  density 
of  such  radiation  Is  given  by  the  Planck  Law: 

K  ( v )  d  v  -  d  v 

(TOKTTd 


TKn  ccfiiir.uurn  Intensity  m»d  the 

peak  are  a  function  of  temperature. 


.  *  W.  ««.. 

^•u  ut  *  «o 


Boltzmann  Distribution  -  The  Maxwell  Bolt7.ti.ann  distribution  may  take  on  many 
equivalent  forms.  Perhaps  the  most  popular  expression  of  this  dis¬ 
tribution  is  the  following:  The  number  of  molecules  which  have  velocities 
with  magnitudes  within  dv  of  v  is  given  by: 


n(v)  riv 


4 


( Jil..  1-V2 

\'Pk  T  ’ 


-  mv2/2kT 
e 


v2dv 
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Bond  Strength  (energy)  -  The  energy  (^11)  required  to  form  or  break  a  bond 
between  two  atoms  In  a  rrv-lecule  is  called  the  bond  energy.  In  most 
cases,  it  is  possible  to  express  the  heat  of  formation  of  a  molecule  as 
an  additive  property  of  the  bonds  forming  the  molecule,  although  lhe 
bond  energy  for  a  given  type  of  bond  will  depend  upon  its  chemical 
environment  In  the  molecule  in  general. 

Center  of  Mass  Coordinates  -  Collision  calculations  In  kinetic  theory  may  be 

performed  with  considerable  conceptual  and  mathematical  simplification 
in  the  center  of  mass  coordinate  system.  If  v^  and  Tg  arc  the 
absolute  velocities  of  particles  1  and  2  the  following  transformation 
may  be  made  from  the  laboratory  coordinate  system  of  and  "v^ 
to  the  center  of  mass  cocrdinate  system  G  and  g: 

-j*.  tnlT*  +  m2  ^2 

+  17*2  in  |  +  tn  2 

8=^1  -  v2 

Since  the  .tacobian  of  the  transformation  Is  unity, 
dG*d  g*  *  di^d7| 

Ths  three  dimensional  problem  describing  a  spherical  symmetrical 
two  body  collision  can  thereby  be  reduced  to  the  equivalent  one 
dimsnstonal  problem  of  describing  the  motion  of  one  body  In  an  effective 
potential  field. 

Center  of  mass  collision  energy  -  For  chemical  kinotice  calculations,  the 

relevant  energy  of  a  collision  Is  thB  relative  kinetic  energy,  1/2  jj 
g^.  where  p  is  the  reduced  mass  of  the  two  body  collision  and 
g  ia  the  magnitude  of  the  relative  velocity  defined  above.  For  a 
gas  whose  molecules  have  a  Boltzmann  distribution  of  peculiar  veloc¬ 
ity  defined  above.  For  a  gas  whose  molecules  have  a  Boltzmann  dis¬ 
tribution  of  peculiar  velocities,  the  center  of  mass  colitriort  energy 
is  distributed  as: 

P(K)dK  -  Ke  K  dK 

where  P(K)  is  ths  probability  that  a  collision  will  have  an  energy  within 
d  K  of  K,  and  K  is  l/2pg2/kT. 

Charge  Exchange  -  Usually  used  to  mean  charge  transfer;  sometimes  used  to 
mean  either  charge  transfer  or  charged  rearrangement. 
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Charge  Transfer  -  a  resctton  between  two  particles  (usually  sn  ion  and  a  neutral) 
in  which  an  electron  is  transferred. 

Charged  Rearrangement  -  lit  this  process,  both  electrons  and  atoms  or  groups  of 
atoms  arc  transferred  and  new  species  thereby  creatsd.  In  chapter  13 
tile  term  ion-molecule  reaction  Is  used  for  tills. 

Chemical  Kinstlcs  -  Tho  study  of  the  rates  and  mechanisms  at  which  chemical 
systems  react. 

Chromosphere  -  The  region  above  the  visible  part  of  the  sun  in  which  much 
ensrgy  is  absorbed. 

Collision  -  Two-hody  -  An  ancounter  hetwesn  two  molecules  is  at  best  ill  defined 
because  long  rsngs  forces  are  alwsys  extsnt,  although  small.  For 
conceptual  purposes,  comparisons  may  be  made  to  the  hard  sphere 
model  of  kinetie  theory,  in  which  the  two  body  collision  frequency 
may  be  calculated  to  be:  Z  =  v  o»  where  v  is  tho  average  velocity 
and  <7  is  the  cross  section  (trR2)  of  the  hard  sphere. 

Collision  -  Three-body  -  An  simultaneous  encounter  between  thres  molecules  is 
less  well  defined  than  the  two  body  collision.  However,  uBlng  the  model 
of  a  third  body  colliding  with  the  collision  complex  of  two  body  collisions, 
a  rstc  for  three  body  collisions  may  be  determined.  Such  a  model  is 
extremely  sensitive  to  the  choice  of  cross  section. 

Collision  Frequency  -  This  quantity  is  only  well  defined  in  the  hard  sphere  model 
of  kinetic  theory  in  which  the  collision  frequency.  Z,  is  given  hy 
Z  =  v  o  ,  where  v  is  the  averaga  velocity  and  is  the  cross  section, 
ff  H2. 

Collision  Partner  -  A  particla  which  takss  part  in  a  collisional  reaction,  but  does 
not  change  chemically,  its  rols  being  only  a  sourcs  of  or  sink  for  energy. 

Concentration  •  Ths  amount  of  species  i  per  unit  volume  ta  called  ths  concentration; 

most  commonly  in  aad  phase  kinstlcs  concentrations  srs  expressed  in  units 
of  molecules  per  c. 

Continuum  Radiation  -  Radiation  emitted  from  or  to  an  unquontiiized  (continuum) 
state  is  not  discrete  and  is  therefore  called  continuum  radiation. 

Cross  Section  -  An  elieetive  area  of  a  particle  in  u  euiliolvii.  A  cress  section  for 
s  specific  process  has  the  affect  of  including  the  probability  that  this 
process  will  occur  during  the  collision. 
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D- Layer  -  The  location  of  a  peak  or  lodge  in  the  electron  density  profile  at  about 
75-80  km  in  the  D-rcgion  (50-90  km). 

Debris  —  See  weapon  debrt.c 

Debye  Length  TSie  characteristic  length  from  a  charged  test  particle  beyond  which  other 

charged  particles  have  a  negligible  elfect  on  the  trajectory  of  the  test  particle  is 

called  the  Debye  Length, 

e  k  T  .  , 

.  /  o  \l/i! 

h  1 - T7 

N()  c 

where  eQ  is  the  permittivity  of  free  space. 

Deexcitation  -  A  process  by  which  an  excited  species  loses  its  excitation  energy,  such 
as  radiation,  quenching,  energy  transfer  or  chemical  reaction. 


Deionization  -  This  term  is  applied  to  all  processes  which  tend  to  decrease  tho  ion 
and  electron  concentrations. 


Density  -  The  mass  per  unit  volume  is  the  density,  p,  with  p(r,  t)  =  ^  n}  m^ 
where  nj  and  mj  arc  the  number  density  and  mass  respectively  of 
species  i. 


Detachment  -  The  process  by  which  an  electron  is  leleased  from  a  Btable  negative  ion 
is  catted  detachment. 


Diffusion  -  The  transport  of  species  A  relative  to  species  B  (or  a  bulk  gas  mixture) 
occurs  as  a  result  ol  a  concentration  gradient  and  is  called  ordinary  diffusion, 
which  is  well  described  hy  Fick's  first  and  second  laws.  This  must  be  dis¬ 
tinguished  from  pressure  diffusion,  thermal  diffusion,  and  forced  diffusion 
which  arc  usually  second  order  effects. 


Diffusion  Velocity  -  The  diffusion  velocity  ol  chemical  species  j  is  the  rate  of  flow  of 
molecules  j  with  respect  to  the  mass  average  velocity  of  the  bulk  gas; 


TT>  ,t>  . , 

t*.  '/ 


’ J 


*o 


Dissociation  -  The  cleavage  ol  a  bond  or  bonds  of  a  molecular  species  to  produce  smaller 
molecules  or  atoms  is  called  dissociation. 


Dissociation  Energy  -  The  energy  required  to  dissociate  a  molecule  in  the  zeroth 

vibrational  and  rotational  stales  of  an  electronic  ttate  to  a  continuum  state 
with  zero  relative  transiational  energy  is  the  dissociation  energy. 
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Disturbed  atmosphere  -  The  atmosphere  after  the  occurrence  of  a  nuclear  burst. 

E  -  cayer  -  The  location  of  a  peak  or  ledge  in  the  electron  density  profile  at  about 
110  *  115  km  in  the  E  -  region  (90  -  lfiO  km). 

Elastic  Collision  -  In  an  clastic  collision,  translational  energy  and  momentum 
are  conserved,  and  only  translational  energy  is  transferred. 

Electron  Affinity  -  The  electron  affinity  of  a  molecule  is  the  difference  in  the  energies 
of  the  neutral  molecule  and  its  molecular  ion  when  hoth  species  are  in  their 
lowest  vibrational,  rotational,  nuclear,  and  electronic  states.  The  definition 
(and  the  measurement)  for  an  atom  is  not  complicated  by  the  vibrational 
and  rotational  problem. 

Electron  Density  -  In  atmosphi  rie  chemistry  problems,  this  term  refers  to  the 
number  of  electrons  per  cc. 

Electron  Temperature  -  Because  the  electron  energy  distribution  is  highly  sensitive 
to  applied  fields,  the  translational  temperature  of  the  electron  population, 
defined  by: 

3/2  kTe  =  1/2  me  v| 

may  be  greatly  different  than  the  kinetic  temperature,  and  must  therefore 
sometimes  be  defined  separately. 

Electronic  State  -  The  solution  to  the  wave  equation  is  the  wavs  function,  which  may 
be  factored  to  an  excellent  approximation  into  electronic,  vibrational,  ro¬ 
tational,  etc.  parts.  Ths  electronic  portion  describes  the  orbital  motion 
of  the  electrons  and  the  different  solutions  represent  different  electronic 
states. 

Electronic  Temperature  -  After  a  strong  perturbation,  electronically  excited  species, 
especially  of  metastables,  are  deactivated  slowly;  therefore,  the  population 
will  be  higher  than  at  equilibrium.  Ths  temperature  calculated  from  a 
boltzman  distribution, 

N2/Ni  =  g2/gi  6  ei)At 

will  therefore  yield  a  higher  temperature. 

Endothermic  A  physicochemical  change  is  classified  as  endothetmic  if  it  is 
accompanied  by  the  absorption  of  heat. 
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Energy  Distribution  -  The  energy  distribution  of  an  ensemble  is  described  by  a 

distribution  function  which  predicts  the  number  of  particles  with  energies 
E  +  d  E  per  unit  volume. 

Equilibrium  Constant  -  The  product  of  the  equilibrium  concentrations  of  the  products 
of  a  reaction  divided  by  the  product  of  the  equilibrium  concentrations  of 
the  reactants.  It  can  be  shown  that  this  in  also  the  ratio  of  the  forward 
to  reverse  reaction  rate  constants,  provided  the  products  and  reactants 
are  in  the  same  specified  quantum  states  in  both  directions. 

Esc  i  Velocity  -  The  velocity  which  is  required  by  a  body  to  eseape  from  the 
earth's  gravitational  field. 

Excitation  *  The  process  by  \hi-h  a  i'-.olccule  or  atom  is  elevated  to  a  quantum 
state  other  than  the  grour-i  cute. 

Excited  State  -  The  general  term  which  refers  to  quantum  states  other  than  ground. 

At  equilibrium,  there  is  a  distribution  of  such  states;  even  in  the  normal 
atmosphere,  however,  nonequi librium  sources  exist  such  that  larger  con¬ 
centrations  oi  excited  states  are  possible. 

Exothermic  -  A  physicochemical  change  is  classified  as  exothermic  if  it  is  accompanied 
by  the  evo  ution  of  heat. 

Exosphere  -  The  ouicr  regions  of  the  earth's  atmosphere  from  which  atoms,  if  properly 
directed  from  their  last  collision  and  having  sufficient  energy  to  overcome 
gravity,  escape  to  the  interplanetary  region. 

Fj  Layer  •  The  location  of  a  peak  or  ledge  in  the  electron  density  profile  at  about  lbO  km 
in  the  region  (140  -  200  km). 

F'?  Layer  -  The  location  of  a  peak  in  the  electron  density  profile  at  about  300  km  In 
the  Eg  region  (200  km  and  tbove). 

Fireball  -  The  luminous  region  of  hot  gases  produced  by  a  nuclear  expiosion.  The 
term  fireball  may  also  be  used  to  refer  to  the  material  initially  heated  to 
incandescence  that  has  subsequently  cooled.  After  the  initial  deposition 
of  X-ray  energy  the  Hrebaii  grows  by  radiation  transport  (radiative  fire¬ 
ball).  Eventually  (after  a  few  milliseconds  at  sea  level  and  a  few  seconds 
at  D-region  altitudes)  hydrodynamics  becomes  the  dominant  mechanism 
causing  fireball  growth. 
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Fission  Yield  -  The  energy  released  by  fission  processes  following  a  nuclear  ex¬ 
plosion.  This,  plus  the  energy  released  hy  fusion  processes,  constitutes 
the  total  energy  released  hy  the  weapon. 

Geometric  Altitude  -  T  ,e  usual  measured  altitude. 

Geopotential  Altitude  -  An  altitude  scale  which  allows  for  the  variation  of  gravity 
with  height  defined  hy 

H  =  1/G  J0  g  d  z 

where  g  is  the  acceleration  due  to  gravity  and  G  is  a  constant  numerically 
equal  to  g  at  sea  level.  H  can  he  shown  to  he  given  numerically  hy  Z  R/ 

(R  +  Z)  where  R  is  the  earth  radius. 

Ground  State  -  The  lowest  stable  quantum  state  possible  for  a  given  molecule  or 

atom.  This  term  is  most  widely  applied  to  the  electronic  structure  since 
many  molecules  may  have  substantial  populations  in  nonzero  vibrational 
and  rotational  levels  at  equilibrium. 

Heterosphere  -  The  region  of  the  atmosphere,  above  about  90  km,  in  which  the  relative 
concentrations  of  the  major  species  changes  as  does  the  mean  molecular 
weight. 

ilomosphere  -  The  region  of  the  atmosphsre,  below  about  90  km,  in  which  the  relative 
concentrations  of  the  major  species  remains  nearly  constant  as  does  the  mean 
molecular  weight. 

Impact  Parameter  -  In  a  molecular  encounter,  ths  impact  parameter  is  the  distance  of 
closest  approach  in  the  ahsence  of  a  potential. 

Impurity  -  An  undeslrahle  contaminant.  In  considering  the  earth's  atmosphers,  the 
term  is  often  applied  to  any  species  involving  elements  other  than  nitrogen 
and  oxygen. 

Inelastic  Collision  -  A  collision  in  which  translational  energy  and  momentum  are  not 

conssrved,  hut  may  bs  converted  tc  Internal  energy  and  motion  of  one  or  more 
of  the  collision  partners 

Infrared  Radiation  Thai,  portion  of  the  electromagnetic  radiation  spectrum  extending 
from  about  7000  A  to  1  mm.  That  below  20  p  is  referred  to  as  the  near 
infrared  radiation  region;  that  portion  above  20  p  is  the  far  Infrared  region. 
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Initial  Relative  Velocity  -  The  Initial  relative  velocity  of  an  encounter  of  molecule 
1  with  molecule  ;  is  given  by: 


where  Vj  rnd  Vj  are  the  linear  velocities  at  infinite  separation. 

Intensity  -  Radiant  flux  emitted  hy  a  source  psr  unit  of  solid  angle  (units  e.g.  watts 
cm'2). 

Ion  Atom  Interchange  -  A  reaction  hetween  an  ion  and  a  neutrai  particle  in  which 
there  is  a  rearrangement  Involving  the  transfer  of  one  or  mors  atoms 
and  a  new  ion  is  formed.  In  Chapter  IX  ths  term  ion  molecule  reaction 
is  used  for  this. 

Ion -Electron  Rscomhination  -  The  chemical  reaction  hetween  a  positive  ion  and 
an  electron,  leading  to  only  neutral  particles. 

Ion -Ion  Rccomhination  -  The  mutual  neutralization  of  a  positive  ion  by  a  negative 
ion  is  called  ion-ion  recomhination. 

Ion  Molecule  Reaction  -  The  reaction  hetween  a  charged  particie  and  a  neutral  species 
to  yield  charged  and  neutral  products  is  called  an  ion  molecule  reaction. 

Often  applied  to  the  type  of  reaction  hetween  an  a  neutral  species  ir.  which 
there  is  a  rearrangement  involving  the  transfer  of  one  or  more  atoms. 

Ionization  -  Tho  process  hy  which  an  electron  may  be  ejected  into  the  continuum  from 
a  molecule  or  atom. 

Ionization  Potential  -  The  energy  required  to  eject  an  electron  from  the  ground  state 
molecule  or  atom  to  the  continuum  with  zsro  kinetic  energy  is  called  the 
ionization  potential. 

Ionosphere  -  The  region  of  the  atmosphere  above  60  km  in  which  there  are  appreciable 
numhers  of  ions. 

Ionospheric  Storm  -  A  complex  change,  usually  a  decrease  In  atmospheric  electron 
density,  due  to  particles  fromasolar  flare, most  noticeahls  in  the  F 
region  and  lasting  for  hours. 

Irrad lance  -  The  radiant  flux  per  unit  area,  or  tho  amount  of  energy  per  second  which 
wlli  he  received  hy  a  surface  of  unit  area  which  intercepts  the  emitted  snergy 
(units  c.g.  watts  cm'2);  this  must  he  distinguished  from  radiant  emittance 
which  refers  to  the  radiant  energy  emitted  from  a  source. 
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Kinetic  Temperature  -  The  translational  or  kinetic  theory  temporature  Is  defined 
in  terms  of  the  mean  peculiar  kinetic  energy, 

3/2  k T  1/n  S  n  (1/2  mj  "vf) 
at  equilibrium. 


Laboratory  Coordinates  -  The  coordinate  system  moving  with  the  laboratory  Is  referred 
to  as  the  laboratory  coordinate  system. 


Laboratory  Energy  -  The  kinetic  energy  of  a  particle  relative  to  a  coordinate  system 
moving  with  the  laboratory  is  referred  to  as  the  laboratory  energy,  since 
such  an  energy  may  be  directly  measured  with  reference  to  the  laboratory. 


Lifetime 


The  lifetime  of  an  unstable  or  metastable  species  is  defined  as  the  time 
required  to  reach  l/e  of  the  initial  concentration  in  the  absence  of 
sources.  The  lifetime  must  be  defined  with  respect  to  the  process  or 
processes  depleting  the  state;  thus  in  general  an  unstablo  species  has 
a  radiative  lifetime,  a  quenching  lifetime, tq,  and  perhaps  a  chemical  reaction 
lifetime,  and  the  overall  lifetime  Tj,  may  therefore  be  pressure  dependent. 


1/t  -  1  /r. 


l/r- 


RAD  "  'Q  "  ^  x/  '1 

The  radiative  lifetime,  Tj^jj  ,  is  the  reciprocal  Einstein  coefficient  for 
spontaneous  emission,  and  is  frequently  referred  to  as  the  lifetime. 


Vt, 


Line  Radiation  -  The  photon  emitted  in  a  transition  from  one  bound  energy  state  to 
another,  lower  bound  energy  state  has  the  energy  hp  ,  whieh  represents 
the  energy  difference  between  the  two  states  within  the  limits  imposed  by 
thu  uncertainty  principle.  The  observation  of  such  emission  with  a  spectro¬ 
graph  results  in  a  single  sharp  line  (although  many  sueh  transitions  simultaneously 
occurring  may  obscure  this).  Sueh  emission  is  eallcd  line  radiation. 


Linear  Velocity  -  The  linear  or  absolute  velocity  v., 
with  respect  to  a  fixed  con>-dinate  system, 
molecular  speed. 


of  the  species  j  Is  the  velocity 
Its  magnitude  Is  called  the 


Mjijgn cdt_i^_S to r m  -  A  magnetic  storm  is  an  Interval  of  pronounced  magnetic  activity. 

f.laay  magnetic  storms,  particularly  the  uig  sujiuio,  uegiii  suddenly  and 
almost  simultaneously,  to  within  a  minute,  all  over  the  north .  The  sudden 
commencement  Is  aseribed  to  the  impact  of  (ionised)  solar  gas  on  the  outer 
part  of  the  geomagnetic  field,  at  a  distance  of  several  earth  radii.  The 
intensity  o(  a  storm  is  usually  rated  according  to  (he  maximum  range  of  the 
variation  of  the  field  components  during  the  storm.  However,  a  rating 
according  to  the  maximum  stornitlme  depression  of  the  horizontal  component 
i?  often  preferred. 
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Masti  Averaged  Velocity  -  The  mass  averaged  velof  Uy,  v  ,  is  defined  by 
v^(rt  t)  '  1/p  r  ^  m.  v*, 

4  ^ 

where  p  is  the  overall  density  and  particular  point  (r)  and  vj,  is  the 
linear  velocity. 

Mcnn  Free  Psth  -  The  distance  which  a  molecule  (atom)  travels  between  collisions 
•s  referred  to  as  its  free  path.  The  average  free  p..th  is  called  the  mean 
free  path.  Both  terms  are  of  course,  well  defined  only  ir  the  hard  sphere 
model. 

Mesopause  -  The  top  of  the  mesosphere.  There  the  temperature  is  a  minimum. 

The  thermosphere  begins  above  here  and  atomic  oxygen  becomes  a  major 
constituent. 

Mesosphere  -  The  region  of  the  stmosphere  between  about  50  and  s5  km.  The  tem¬ 
perature  decreases  as  the  altitude  increases  in  this  region. 

Minor  Constituent  -  A  species  whose  concentration  is  small  relativo  to  the  concentration 
of  similar  types  of  species,  i.  e.  neutrals  or  ions,  is  referred  to  as  a  minor 
constituent. 

Mixing  -  The  processes  hy  which  concentration  gradients  are  eliminated  arc  called 
mixing  processes;  molecular  diffusion  snd  turbulent  mixing  sre  important 
atmospheric  mixing  processes. 

Mobility  -  The  mobility  of  sn  ion  is  defined  as  its  velocity  in  an  electric  field  cf  unit 
strength.  The  usual  units  are  cm2  see'1  volt"1. 

Mono-Energetic  -  This  term  refers  to  s  collection  of  psrtielcs  whose  kinetic  energy 
distribution  is  extremely  narrow,  and  in  the  ideal  case  is  a  delta  function 
shout  the  nominal  energy. 

Mutual  Neutralization  -  The  two  body  process  by  which  a  positive  and  a  negative  ion 

eollide  and  produce  only  an  electron  transferred  undoubtedly  energy  transfer) 
to  obtain  two  neutral  species: 

X+  +  Y'  -  X  +  Y 
is  called  mutual  neutralization. 
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Negative  Ion  -  A  metastable  atom  or  molecule  which  exists  with  an  excess  of 
electrons  over  preions  snd  therefore  has  a  net  negative  charge  is  a 
negative  ion. 

Neutral  Recombination  -  The  process  by  which  neutrsl  atoms  or  aggregates  of  atoms 
collide  to  form  larger,  more  stable,  molecules  is  referred  to  as  neutral 
recombination.  For  most  atmospheric  neutral  recombination,  emission 
of  s  photon  (radiative  recombination)  or  stabilization  by  a  third  body  is  re¬ 
quired. 

PCA  -  Polar  cap  absorption  events  are  associated  with  charged  particles  (mainly 
protons)  ejected  during  an  intense  solar  flare.  The  influx  of  protons  with 
energies  between  approximately  10  Mev  and  100  Mev  lasts  for  several  days 
after  the  cessation  of  the  flare. 

Peculiar  Velocity  -  The  peculiar  velocity  of  a  molecule  of  species  j  is  defined  sb 
ths  velocity  of  the  molecule  with  respect  to  the  mass  average  volocity, 

vj  (  5),  f,  l)  -  Vj  -  sj 

where  "vj  is  the  linear  velocity. 

Perturbed  Atmosphere  -  The  atmosphere  as  affected  by  a  perturbing  influence, 
especially  as  affected  by  s  nuclear  burst. 

Photoabsorption  -  Ths  absorption  of  electromagnetic  radiation. 

Photochemical  -  TbiB  term  refers  to  the  chemical  effects  of  light,  including  ths 

infrared  and  ultraviolet  as  well  as  the  visible  spectrum.  Photochemistry 
is  that  branch  of  radiation  chemistry  dealing  with  lower  energy  radiation. 

Photodlgsociatlon  -  The  transition  from  a  bound  molecular  state  to  a  continuum 

associated  with  the  fragments  by  absorption  of  a  photon  of  ilght  is  termsd 
photodissociation. 

Photoexcitation  -  The  transition  from  ths  ground  stats  to  a  bound  excited  state  (usually 
electronically  sxcitcd)  by  the  absorption  of  s  photon  is  called  photoexcitation. 

Photo  ionization  -  The  ejection  of  an  electron  from  the  bound  state  of  sn  atom  or 

molecule  into  the  continuum  by  the  absorption  of  a  photon  is  photoionization. 
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Photosphere  -  The  outer  visihlc  region  of  the  sun. 

Positive  Ion  -  A  stable  atom  or  molecule  which  has  lost  an  electron  or  electrons  and 
therefore  has  a  net  positive  charge  is  called  a  positive  Ion. 

Precision  -  Tne  precision  of  an  experimental  measurement  performed  a  number  of 

times  refers  to  the  reproducibility  of  the  result  as  expressed  by  the  standard 
deviation;  the  accuracy  may  he  entirely  different  if  systematic  errors  are 
presented. 

Probability  of  a  Collision  -  The  average  number  of  times  a  given  particle  will  collide 
with  other  particles  in  a  second. 

Radiance  -  Radiant  flux  emitted  by  a  source  per  unit  of  solid  angle  per  unit  area  of 
projected  surface  (units  e.  g.  watts  cm"2  ster*1). 

Radiation  -  The  emission  of  electromagnetic  energy. 

Radiative  Recombination  -  The  association  of  two  particles  to  form  a  single  stable 
particle  by  a  himolecular  reaction  In  which  excess  energy  is  disposed  of 
by  radiating. 


Rate  Constant  -  Empirically,  th-s  time  derivative  of  a  concentration,  called  a  rate 
of  reaction,  ia  found  to  he  proportional  to  the  product  of  concentrations 
when  the  process  is  isothermal  and  the  gssea  dilute.  Thua, 

dc:. 


R, 


n 

kj  n  Cj 

i-i 


where  n  ia  the  order  of  the  ith  reaction,  Rj,  the  r»tc,  and  C{,  the  con¬ 
centration.  The  conatant  of  proportion-.!!:, ,  k,  is  called  the  rate  constant, 
or  the  rate  coefficient 


Reaction  Rate  -  In  chemical  kinetics,  the  time  derivative  of  tbe  concentration  of  a 

given  species  is  called  the  rate  of  reaction  of  that  species;  It  is  also  called 
the  velocity  or  speed  of  the  reaction. 

Reaction  Rate  Constant  -  Rate  Constant. 

Recombination  -  A  process  hy  which  unstahle  or  metastabie  particles  collide  and 
form  larger  aggregates  of  stahle  atoma  or  molecules. 

Recombination  Coefficient  -  The  rate  constant  of  a  recombination  reactior.'. 
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Reentry  -  The  entrance  of  a  body  of  any  size  back  into  the  atmosphere  from  which 
it  previously  exiled.  The  body  may  only  be  returning  to  lower  altitudes. 

Relaxation  -  The  approach  toward  equilibrium  conditions. 

Relaxation  Time  -  When  a  system  is  slightly  perturbed  from  an  equilibrium  state, 
the  time  required  to  return  to  1/c  of  the  initial  perturbation  is  called  the 
relaxation  time. 


Rotational  Excitation  -  Wh"n  i  molecule  contains  more  energy  in  rotational  modes 
than  would  by  predicted  from  the  equiportifion  theory,  then  the  molecule 
is  said  >o  he  rotdionally  excited. 


Rotational  Temperature  -  3incc  the  number  density  of  molecules  in  the  J  level,  N(J)s 
is  given  by: 

N(J,  -  N.'Q,  .  l»ho/kT 


and  to  a  first  approximation  (for  aceur  cy  greater  refinementa  are  necessary), 
1(J),  the  intensity  emitted  (or  absorbed)  Is  proportional  to  N(J),a  rotational 
temperature  may  be  obt dined  from  a  plot  of  1  n  (’(J)/2J  +  1)  vs  J(J  ♦  1). 
Although  rotational  relaxation  is  rapid,  chemiexcitalion  may  cause  a  departure 
from  the  kinetic  temperature,  or  make  the  terra  "temperature"  meaningless. 


Seale  Height  -  Height  differential  over  which  density,  or  other  extensive  property, 
changes  by  a  factor  of  e. 


Scattering  -  Deflection  hy  elastic  collision. 

Second  Order  Reaction  -  A  reaction  whose  rate  has  an  empirical  dependence  on  the 

product  of  two  concentrations  and  does  not  neceasatiiy  imply  a  bimolceular  reaction. 

Solar  Flare  *  A  solar  flare  Is  a  burst  of  "light"  oee.uring  in  the  chromospheie  of  the 
sun  near  a  sunspot.  Flares  are  divided  imo  classes  of  importance  (e.g. 

1  ■ ,  1,  1  ♦,  ,  .  .  )  according  to  ares  and  brightness.  The  average  duration 
of  a  flare  increases  with  importance  (e.g. ,  clasa  1  flarca  last  about  20  minutes 
while  clasa  3  flares  last  about  6C  minutea).  During  some  flares  there  is  a 
marked  increase  in  the  iiux  c  solar  radiation  in  ihe  fa.  uliia  violet  ami  soli 
x-ray  regions  of  the  spectrum. 

Sporadic  E- Layer  -  A  peak  In  the  electron  density  profile  at  about  100  km  which  is 
sometimes  present. 
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StratopauHe  -  The  top  of  the  stratosphere.  Here  there  Is  a  temperature  maximum. 

The  mesophere  begins  nerc. 

Stratosphere  -  The  region  of  the  atmosphere  between  the  tropopausc  (around  15  km) 
snd  the  strstopause  (about  50  km).  The  temperature  increases  with  altitude 
throughout  this  region. 

Simam  -  A  rspid  flow  of  particles,  most  of  which  are  going  In  about  the  same 
direction.  The  conditions  are  suoii  that  the  particles  suffer  collisions 
within  the  stream  (as  opposed  to  beom). 

Swarm  -  A  packet  of  charged  particles  moving  under  the  influence  of  electric  potential. 

The  particles  have  a  distribution  of  velocities  and  undergo  many  collisions. 

S,  I,  D.  -  (Sudden  Ionospheric  Disturbance)  -  A  sudden  increase  in  the  electron  density, 
due  to  radiation  from  a  solar  flux,  most  noticeable  in  the  D  region,  lasting 
for  20  to  90  minutes. 

Temperature  -  The  temperature  of  a  system  may  be  defined  in  several  ways;  at 

equilibrium  sll  arc  equivalent.  The  establishment  of  equilibrium,  however, 
is  difficult,  and  the  possibility  of  nonequilibrium  in  reaction  systems  is 
high,  it  is  therefore  improper  to  define  s  temperature  without  an  appropriate 
qualification.  When  one  defines  a  elementary-  chemical  reaction  by  specifying 
the  complete  qusntum  state  of  both  reactants  snd  products,  then  the  important 
temperature  is  the  kinetic  or  translational  temperature. 

T ermoleeular  -  This  term  indiesten  that  the  elementary  reaction  referred  to  occurs 
as  the  result  of  a  three  body  collision;  (compare  third  order). 

Thermionic  Emission  •  Emission  of  particles  from  s  solid  surface  due  to  heating  of 
the  surface. 

Thermopauso  -  The  upper  limit  ef  the  thermosphere  and  lower  limit  of  the  mesosphere 
(about  -tOO  km),  lienee  the  temperature  reaches  s  maximum. 

Thermosphere  -  The  region  of  the  atmosphere  between  the  mesopause  (about  h5  km)  and 
thermopause  (sbout  400  km).  The  temperature  increases  throughout  this 
region. 

Third  Body  -  This  term  refers  to  the  stabilizing  particle  in  s  three  body  collision  which 
permits  the  conservation  of  translation:  momentum  and  energy  in 
recombination  reactions. 
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Third  -  Order  Reaction  -  A  reaction  whose  rate  .3  empirically  dependent  on  the 
product  of  three  concentrations. 

Three  Body  Recombination  -  A  reaction  between  two  particles  to  yield  an  aggregate  (or 
complex)  comprising  both  particles  which  is  stnblizcd  by  the  collision  with 
a  third  body.  This  is  distinguished  from  a  recombination  which  is  stabilized 
by  the  emission  of  a  photon  of  light. 

Torr  -  The  Torricelli,  sbbrev.  as  Torr,  is  the  unit  of  pressure  equal  to  the  weight 
of  1  mm.  Hg. 

Trsnsition  Probability  -  With  the  introuuction  of  an  electromagnetic  field  interaction 
into  the  Schrodinger  equation  for  s  psrtiele,  a  nonzero  probability  arises 
that  a  system  originally  in  state  Eni  will  be  found  in  state  En  with  an 
accompanying  absorption  or  emission  of  a  photon  of  the  electromagnetic 
radiation,  hp,  equal  to  |  E,,  '  Em|/bc. 

Transmission  -  Energy  r *r  particles  incident  upon  a  system  can  be  transmitted,  refracted, 
scattered  or  ebsorbed.  The  fraction  which  passes  through  the  system  unaltered 
and  undelayed  is  the  transmission, 

Tropopause  -  Tbe  upper  limit  of  the  troposphere.  This  varies  with  latitude  being  of 
the  order  of  15  km. 

Troposphere  -  The  region  of  the  atmosphere  irom  the  surface  to  the  tropopause  the 
temperature  decreases  with  increasing  altitudes. 

Ultraviolet  Hadlation  -  That  portion  of  the  electromagnetic  spectrum  with  wavelengths 

of  4000  ■  1700  A  ,  with  the  range  from  1700  -  100  A  being  termed  the  vacuum 
ultraviolet. 

Uncertainty  (in  a  rate  constant)  -  The  error  in  a  rate  constant  is  expressed  herein  as 
the  uncertainty  in  ihe  preexponentiai  or  constant  factor,  the  uncertainty  in 
the  temperature  dependence  of  the  preexponential  factor,  and  an  uncertainty 
in  the  activation  energy.  Although  in  principle  these  uncertainties  should 
be  expressed  in  terms  of  the  standaid  deviations,  Jn  practico,  the  errors 
arc  not  independent  and  the  quoted  uncertainties  represent  the  educated  guess 
of  the  experimentalist  or  data  analyst. 

Vacuum  Ultraviolet  -  That  portion  of  Uieelectromagnctic  specirain  with  wavelengths  from 
about  I30()A  to  100  A,  In  which  trav  .itions  bet  ve-m  electronic  lev.  Is  of 
molecules  and  atoms  sometime*  occur  is  called  the  vacuum  ultraviolet 
region  because  spectrographs  must  be  cvscu&tcd  to  prevent  .ibsorption  of 
the  incident  radiation. 
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Vibrational  Excitation  -  If  the  population  of  a  vibrational  level  or  levels  of  a  giver. 

species  exceeds  that  whlcb  may  be  calculated  from  a  13ol  -r  inn  distribution 
with  the  equilibrium  temperature,  then  that  species  is  i-ud  *o  be  vihndWaliy 
excited. 


Vibrational  Temperature  -  Since  vibrational  relaxation  is  a  much  slower  process  ihan 
rotational  and  translational  relaxation,  a  system  whieb  has  been  exposed  to 
a  disturbance  may  be  expected  to  be  vlbrationally  excited.  Wber.  such  a 
disturbance  is  created  thermally,  it  frequently  occurs  that  the  I  R.  intensities 
(a  measure  of  the  vibrational  level  population)  are  distributed  In  accordance 
witb  tbe  Boltzman  distribution.  In  sueh  cases,  a  ''vibrational  temperature” 
may  be  defined  by  the  relation 


N(v)  -  N/Qv 


e 


-G0(v)/kT 


so  that  a  plot  of  inl(v)  vs.  G0(v)  should  have  a  slope  of  1/kT,  where  I(v) 
is  the  intensity  of  emission  from  the  vibrational  level  v,  and  where  the  vibra¬ 
tional  spacing  is  given  by  G0(v). 


Visible  Radiation  -  That  portion  of  the  electromagnetic  spectrum  with  wavelengths  from 
about  4000  -  7000  A,  to  which  tnc  human  eye  Is  sensitive,  Is  called  the 
visible  region. 


Wave  Functions  -  In  quantum  meehanies,  the  state  of  a  system  Is  described  by  the  wave 
function,  ,  which  depends  on  tjie  particle  coordinates  and  time,  this  function 
has  tbe  significance  that  I  it  I  “  d  V  Is  the  probability  that  at  time,  t,  the 
system  Is  located  within  dV  of  V  In  the  coordinate  spaec. 

Weapon  Debris  -  The  residue  of  a  nuclear  weapon  after  It  has  exploded.  It  consists 

of  the  materials  used  for  the  easing  and  other  components  of  the  weapon,  the 
weapon  carrier  and  associated  structure,  unexpended  fissionable  materials 
(Isotopes  of  uranium  and  plutonium)  and  fission  products.  The  term  debris 
is  also  often  used  to  refer  only  to  the  radioactive  fission  products. 

Weapon  Yield  -  The  total  effective  energy  released  in  a  nuclear  explosion.  Usually 
expressed  as  a  comparison  to  the  energy  released  by  the  explosion  of  TNT 
(a  1  MT  weapon  release  the  same  energy  as  an  explosion  of  approximately 
one  million  tons  of  TNT).  A  1  MT  weapon  releasas  10^  calories  or 
4.2  x  10"“  ergs. 

X  -  Ray  Radiation  or  X-Radiation  -  That  portion  of  the  electromagnetic  spectrum  which 
extends  from  about  100  A  to  lO'^A. 
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p  -  Kay  -  High  energy  electrons  emitted  from  decaying  nucleai  particles. 


y  -  Ray  Kadiation  -  That  portion  of  the  electromagnetic  spectrum  which  extends 
from  about  1  A  to  10  “  A. 
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APPENDIX  F 
SPECIES  INDEX 


N.  B.  :  The  entries  are  listed  by  chapter  and  page.  For  instance, 
the  designation  5-7,  8  indicates  the  presence  of  informa¬ 
tion  on  pages  7  and  8  of  Chapter  5,  and  5-(6-9)  designates 
information  on  pages  6  through  9  of  Chapter  ’5.  In  a  few 
cases,  a  species  is  treated  continuously  throughout  an 
entire  chapter;  when  this  occurs,  the  chapter  number  is 
given.  Where  information  is  contained  in  a  figure  or 
taole,  the  figure  number  table  number  is  given  separ¬ 
ately  from  the  chapter  and  page  numbers,  which  are  used 
only  for  textual  reference.  Certain  tables  are  subdivided, 
e.  g.  ,  16-1  into  16-1.1,  16-1.2,  etc.,  and  24-1  into  Roman 
Numeral  categories.  These  subdivisions  are  included  in 
the  designations,  where  applicat’e,  for  greater  clarity. 
Entries  are  listed  alphabetically  by  standard  chemical 
symbol,  with  the  added  features  that  the  invented  symbol 
"Me"  is  used  to  indicate  metallic  species  generally,  and 
that  "air",  "air  ions",  "electron",  and  "teflon"  are 
entered  as  words,  in  *Meir  proper  alphabetical  order. 
Electronically  excited  states  are  listed  either  as  specific 
state  designations  (in  alphabetical  and  numerical  order) 
where  these  are  known,  or  by  the  use  of  the  asterisk  (■•■'} 
to  indicate  electronic  excitation  generally.  Vibrationally 
excited  states  arc  designator!  bv  the  double-dagger  (*). 
Unless  otherwise  noted,  all  species  listed  are  gas-phase 
species.  A  few  solids  and  liquids  are  included,  and  are 
appropriately  designated  as  such,  viz.  ,  by  the-  respec¬ 
tive  standard  indicators  (s)  and  (f). 
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Pages  15-33,  33,  42,  44,  46,  47. 
Table  20-10. 

Table  20-10. 

Pages  15-33,  42. 

Pages  15-34;  16-18. 

Tables  lb-1;  16-  1.  1. 

Table  18A-2. 

Page  16-21. 

Tables  16-1.2;  18A-2. 

Page  16-21. 

Page  16-21. 

Table  16-1.  2. 
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Figure  20-1. 
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C+’“  Tables  10-4;  20-1. 

Figures  14-24,  75,  (77-79);  20-2. 

C++  Table  20-1. 

C  Page  10-3, 

Table  1 0-1. 

Figure  10-9. 

OC1  Page  21-31. 
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CH,  Page  11-13. 

Table  11-1. 

Figure  11- I. 
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CN  Table  20-10. 
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Figures  14-(67-71). 
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See  OCS. 

Page  16-17. 
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Table  18A-7. 
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Figure  20-1. 

Tables  9-5;  20-10. 
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Table  18A-3. 

Table  18A-5. 
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Page  16-18. 

Table  16-1.  1. 
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(7-9). 


F 
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Table  17-7. 

Figures  15-1,  2. 
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Pages  !  1-20;  15-1,  21,  30;  20-7. 
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Figures  15-1,  5. 
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Tables  18A-3,  5,  7;  24-1  (XIV). 
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Table  11-1. 

FeC+ 

Tables  18A-3;  24-1  (XIV). 
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7;  19-1;  20-10;  24-1  (I,  IV,  XIII,  XIV,  XV, 
XXIV,  XXV,  XXVII). 

Figures  2-7;  10- 1,  10;  14-1,  .3,  4,  17;  15-1,  2. 

H*  Tables  10-2;  20-10. 

Figure  10-1. 

H{3  2P)  Tables  9-5;  20-10. 

H(2S)  Table  20-10. 
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24-1  {I,  XIII). 

Figures  14-3,  4,  64,  89;  16-4. 

H"  Pages  7-17;  8-6,  7;  10-3;  16-22,  23;  17-2,  8. 

Table.;  10-1;  16-1.2;  17-3;  18A-2;  24-1  (XV). 

Figures  10-9;  14-1,  16, 
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HNO  Page  18  A- 9. 

Tablet  18A-3,  4;  24-1  (XIV), 

HNO  Page  11-13., 

Table  11-1. 

HO  Pages  1  i -  16;  19-12;  20-16. 

Tables  11-1;  19-1;  24-1  (XII,  XXIV,  XXV,  XXVII). 

HO"  Page  .' 7-2. 

HS  Table  18A-2. 

HS”  Table  1HA-2. 
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Tables  9-5;  10-1,  19;  17-4;  18A-3;  20-10,  24-1  (XII, 

XIV,  XXV,  XXVII). 

Figures  10-8;  l4-(  12-20);  15-1,  2. 

H*  TabLe  20-10. 

H*  Page  16-18,. 

Tables  10-1,  19;  16-1.2. 

Figures  14-13,  64,  89. 

H**  Page  16-18. 

H*  Page  17-9. 
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H2NCT  See  NO'^O). 
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H  O  Pages  4-15;  6-8;  9-H;  H-l,  11;  12-6,  29;  17-3,  4,  8, 
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Tables  6-1;  10-1,  20;  1 1- 1,  2;  12-2;  17-(3-5),  7;  18A-1, 
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HO-  Page  17-9. 
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Tables  8-2;  9-1,  3,  5;  12-2;  16-1.1,  1.2;  18A-1,  5,  6; 

20- 8,  10;  21-3;  24-1  (XVIII,  XXI). 

Figures  2-7;  4-1;  7-3,  6;  15-1,  2;  21-4. 
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Table  20-10. 
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Page  16-21. 

Tables  16-1.2;  18A-2 
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Page  16-21. 

Table  16-1.2. 
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Pages  15-21,  29. 
Table  8-2. 
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Tables  15-1;  16-1.  1; 
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MeO*  Pages  11-23,  24. 

& 

MeO  Page  11-24. 
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MeO  Page  11-19. 

x 

MeOx*  Page  11-19. 

I  Mg  Table  18A-7. 
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Figure  20-1. 
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Table  18A-3. 
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XXV11,  XXV111,  XXX). 

Figures  10-5,  6;  12-12;  20-1,  5. 
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Figure  10-6, 
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21-4;  24-1  (I,  II,  IV,  V,  Xlll,  XIV,  XVIII, 
XIX). 

Figures  4-3,  4;  10-6;  11-3,  4;  16-2;  20-1,  2. 

NO+* 

Page  11-18. 

Figures  10-6;  20-1. 

+  * 

NO 

Tables  10-16;  20-1. 

Figures  10-6;  20-2. 

NO+(a  V) 

Tables  10-16;  12-9a,  9b;  20-1. 

Figures  10-6;  20-2. 

+  3_.+  * 

NO  (a  £  ) 

Figure  20-2. 
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NO+(A  1n)  Tables  10-16;  12-9a,  9b. 

Figure  10-6. 

NO+( A'  *£')  Tables  10-16;  12-9*,  9b. 

Figures  10-6;  20-2, 

NO+(b  3n)  Tables  10-16;  12-9a,  9b;  20-1. 

P'igures  10-6;  20-2. 

NO+(b'  3L")  Tables  10-16;  12-9a,  9b. 

Figures  10*6;  20-2. 

NO+(w  3A)  Tables  10-16;  12-9a,  9b;  20-1. 

Figures  10-6;  20-2. 

NO+(W  lA)  Tables  10-16;  12- 9a,  9b. 

Figure  10-6. 

NO+(CO  )  Pages  18A-9,  10. 

Tables  18A-3,  5;  24-1  (XIV,  XVIII). 

NO+(K  O)  Pages  18A-9,  10. 

Tables  18A-3,  5;  24-3.  (IV,  XIV,  XVJ11), 

NO+(H,C)  Page  18A-9. 

“  Tables  18a- 5;  24-1  (IV,  XV111). 

NO+(H  O)  Page  18A-9. 

Tables  18A-3,  5;  24-1  (IV,  XIV,  XVIII). 

NC+(’,C}  Pages  16-10,  11,  14,  16. 

Tables  16-1.1;  18A-3,  5;  24-1  (IV,  XIV,  XV111,  XIX). 

NO+(N  )  Page  20-8. 

Table  18A-5. 

NO+fO  )  Table  ISA- 5. 

Lt 

NO++  Table  10-1. 

NO-  Page  17-2. 

Tables  10-1,  19;  17-5,  7;  18A-2,  4;  24-1  (XV,  XVI). 
Figure  10-6. 


DNA  1948H 


NON* 


NO, 


See  NO  (N^)- 

Pages  5-18;  6-2;  16-16,  22;  17-6,  9;  ISA- 7,  9;  19-10, 
ll,  14. 

Tables  9-5;  10-1,  20;  ’1-1;  1.2-2*  17-2,  4,  5.  7;  ISA-1, 
2,  4;  19-1;  20-1.  8;  24-1  (Vll,  VIII,  IX,  XII, 
X1U,  XIV,  XV,  XVI,  XXI11,  XXIV,  XXV, 

XXVII,  XXVIII). 

Table  10-20. 

Page  19-11. 

Tables  20-1;  24-1  (XXVIII). 


NO*  Page  13A-9. 

L  Tables  10-1,  20;  18A-1;  24-1  (IV,  XIII,  XIV,  XVIII). 

NO  Table  10-20. 


NO  Pages  16-22,  24;  17-2,  9,  12;  18A-7. 

''  Tables  10-1,  20;  16-1.2;  17-2,  5,  7;  18A  2,  4,  6; 

21-4;  24-1  (V,  VII,  VIII,  IX,  XV,  XVI,  XXI), 


no"*  Table  10-20. 

NO"(H  O)  Tables  I8A-6;  24-1  fXXI). 


NO.  Pages  18A-7;  19-14. 

Tables  6-1;  19-1;  24-1  (XV,  XXVII). 

C «  .  I  \ 

NO3  Pages  5-5;  16-22;  17-2,  9,  12,  13;  18A-7;  21-2C, 

(Cf.OONO")  Tables  16-1.2;  17-2,  7;  18A-2,  4;  2a-4;  24-1  (V,  XV, 

XVI). 


NO”(H  O)  Table  21-4. 


NO  (H_C) 

3  c.  n 


Pages  5-5;  17-2,  13;  21-20. 
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Pages  2- 

9, 

10;  4-1, 

8,  13;  6-8, 

14, 

15, 

;  3-11,  12;  9-1. 

12, 

13,  31; 

10-2,  4,  11 

-13, 

14 

,  18,  27,  32; 

12- 

6,  16,  1 

7,  30;  13-(  1 

-4); 

14 

-1;  15-1,  21, 

22, 

25,  {34 

-33);  16-8, 

10, 

22, 

24;  17-3,  5,  8; 

18A-(3-5), 

7,  9;  19-4, 

(7-10), 

(12-14); 

20- 

■(3-10), 

13,  (15-17); 

21- 

4, 

5,  8,  15,  20, 

26, 

26,  28, 

31;  22-1. 

Tables  9 

-2, 

3,  6,  7; 

10-1,  13;  11-2 

;  12 

-(2-4),  6a,  6b; 

13- 

1,  2,  4, 

6;  1 4-( 1  -  3) 

,  15 

-i; 

16-1.2;  17-(4-6) 

18A-J,  (3-7):  19-1;  20-1,  2,  (4-6),  (8-10); 

21 -(1-4);  24-1  (I,  11,  IV,  IX,  X,  XII,  Xlll, 
XIV,  XVI,  XVIII,  XXI,  XXIII,  XXIV,  XXV, 
XXVI,  XX VII,  XXVIII,  XXX,  XXX11,  XXX1I1). 
Figures  2-7;  4-1,  4,  8;  i0-5,  8,  U;  12-7;  14-(29-41); 
1 5-1,  2,  (6-Q);  20-1,  3,  4,  6;  21-1,  3,  4, 

* 

N?  Pages  4-13;  5-17;  6-7;  11-14,  34;  19-7,  14;  20-(3-6); 

21-4;  22-1. 

Tables  9-6;  20-2,  3,  10:  24-1  (XXV11,  XXX11, 

XXXIII). 


Figures  10-5;  20-1,  3,  4. 

N2 

Pages  20-3.  (6-8). 

Tables  10-13;  20-1,  10, 

Figures  10-5;  20-1. 

N  (a  :n  ) 

2  g 

Tables  9-5,  6-  10-13;  20-1,  10. 

Figure  10-5. 

N-2(a  ‘ng)* 

Table  20-10. 

¥a‘  lK' 

Tables  10-13;  20-1. 

Figure  1C- 5. 

n2(A  3L+u) 

Pages  t-15;  20-3,  (6-8), 

Tables  9-6,  7;  JO-13;  20-1,  4,  10;  24-1  (XXVIII,  XXX). 
Figures  10-5;  20-1. 

n2(A  v/ 

Pages  20-3,  7. 

Figure  20-1. 

N  (b*  1£+) 

2  u 

Figure  10-5. 
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DNA  1948H 


n2ib  3iy 

n2(b  5n/ 
n2(S'  3sj 


n2(c  V 

n2(c*  3nu) 

N  (D  3ST) 

2  u 

N.,(£  3S+) 

*-  g 


Pages  6-15;  20-6,  7. 

Tables  9-5,  6;  10-13;  20-1,  10;  24-1  (XXV). 
Figures  10-5;  20-1. 

Figure  20  - 1 , 

Page  20-7. 

Tables  9-5;  10-13;  20-1, 

Figure  10-5. 

Pages  20-6,  7. 

Tables  9-5,  6;  20-10. 

Figure  10-5. 

T abl  e  20-10. 

Figure  10-5. 

Page  20-7. 

Page  20-7. 

Figrire  10-5. 


-v?(h  lZ^)  Tables  9-u;  12-6a. 

NT(w  )  Tables  10-13;  20-1. 
L  t  _  _ 

i  igure  1 0-5. 


n,(w  au) 


Page  20-7, 

Tables  10-13;  20-1. 


1 II  )  Tables  12-ba,  bb. 

2  u 

N2(5nu)  Figure  10-5. 

N*  Pages  6-15;  8-12;  9-4,  11,  21,  31;  13-1,  3,  4; 

15-5,  43;  16-7,  8,  10,  18,  22;  l8A-(4 
2C-(6- 10),  15,  17;  21-20. 

Tables  9-2,  3,  6;  10-1,  14;  13-3,  5,  7;  14-1,  2 
1.2;  18A-1,  3,  5.  7;  20-1,  9,  10;  21-^ 
(I,  II.  IV,  V.  Xlll,  XiV.  XVIII,  XXX). 
Figures  10-5;  12-7;  14-( 30- 37),  90;  16-1;  20-2 


F-20 


14-1; 

-7); 

1;  16-1. 1, 
E;  24-1 
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N  Pages  16-8;  20-10. 

Figures  10-5;  20-2. 

N  Pages  20-8,  9. 

Tables  10-14;  20-1,  10. 

Figures  10-5;  20-2. 

N^(A  2nu)  Pages  6-15;  20-6,  8,  9,  17. 

Tables  9-5,  6;  10-14;  12-6a,  6b;  14-1;  20-1,  10; 
24-1  (XXX). 

Figures  10-5;  12-7;  14-(30-33);  20-2. 

N*(A  2nu>*  Page  20-17, 

Figure  20-1, 

N*(B  2£*)  Pages  20-6,  (8-10),  17. 

Tables  9-5,  6;  10-14;  l?.-6a,  6b;  14-2;  20-1,  9,  10; 
24-1  (XXX). 

Figures  10-5;  12-7;  14-(34-37). 

N2(C  X)  Page  18 A- 4. 

Table  10-14. 

Figure  10-5. 

NJD  2n  )  Table  10-14. 

g  Figure  10-5. 

N^(2Au)  Figure  10-5. 

N^(^Au)  Pages  20-8,  9. 

Table  10-14. 

Figure  10-5. 

NV'n  >  Figure  10-5. 

L»  U 

4 

N\(  tl  )  Figure  10-5. 

^  S 

N^(4nu)  Figure  10-5, 

N4(2Eu>  Figure  10-5. 

N  (  L  )  Figure  10-5, 
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n!(4<)  Pages  20-8,  9. 

L  Tables  10-14;  20-1. 

Figure  10-5. 

n!(4S")  Table  10-14. 

Figure  10-5, 

N4+  Table  10-1. 

N  Pages  4-13;  17-9;  20-3. 

Figure  10-5. 

Figure  10-5. 

N2H+  Tables  18A-1,  3;  24-1  (XIV). 

N  O  Pages  17-4,  6;  19-13,  14. 

Tables  10-1,  20;  11-1;  12-2;  17-4;  18A-1,  4,  5,  7; 

19-1;  20-2,  10;  24-l(XII,  XIII.  XVI,  XXIV. 
XXV,  XXV11). 

Figures  11-1;  14-(82-J8). 

NzO^  Tables  10-20;  20-2,  10. 

N20  Page  4-13. 

N  0+  Tables  10-1,  20;  18A-1,  5,  7;  24-1  (Xlll,  XVIII). 

Figures  14-(83-85), 

N  0+*  Table  10-20. 

L 

Ji 

NO  Figures  14-(83-85), 

NO"  Page  17-9. 

d  Tables  18A-4,  6;  24-1  (XVI,  XXI). 

N204  See  NO+(NO)  and  O*^). 

N2°2  SeG  °2{V 

N204  See  02(N?0). 
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N*  Pages  16-7,  8,  10;  20-9. 

3  Tables  18A-3;  21-4;  24-1  (IV,  XIV,  XVIII). 

N*  Pages  16-7,  10,  16;  18A-7. 

4  Tables  16-1.1;  18A-1,  3,  5;  21-4;  24-1  (IV,  XIV, 

XVIII). 

Figure  16-1. 


Na  Pages  5-19;  18A-3,  6;  20-7, 

Tables  8-2;  9-6;  18A-1,  3,  7;  20-10;  24-1  (XIII,  XIV). 
Figures  15-2;  20-1. 

Na"  Tables  9-5;  20-1,  10. 


Na+  Pages  16-18,  23;  18A-6;  20-18. 

Tables  16-1.1;  18A-1,  3,  5,  7;  24-1  (XIII). 
Figure  20-1. 


Na+(CO£) 

Na+(C02)2 

NaO+ 

Ne 


Ne 


Ne 


Ne 


++ 


Ne 


3+ 


Ne 


4+ 


Ne~ 


5+ 


Ne, 


Table  18  A- 5. 

Table  18A-5. 

Tables  18A-3;  24-1  (XIV). 

Pages  15-25,  43,  44;  16-8,  10,  11,  14,  16,  24. 
Tables  8-2;  15-1. 

Figures  15-1,  2. 

Page  16-8, 

Pages  15-34,  39,  43;  16-18. 

Table  16-1. 1. 

Page  15-43. 

Page  15-43. 

Page  15-43. 

Page  15-43, 

Page  16-16. 
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*  c 


O  Pages  2-9,  10;  3-33,  34;  4-13,  15;  5-18;  6-2,  8,  12, 

14,  15;  7-7;  8-7,  8,  10,  11;  9-12,  13,  15,  30, 

31;  10-4;  11-13,  (16-20),  31,  32;  12-6,  (8-23), 

30;  13-1,  3,  4;  15-1,  6,  15,  25,  (29-33); 

16-10,  11,  16;  17-2,  6,  9,  12,  14;  18A-5,  6, 

8;  19- (2 -14);  20-3,  6,  7,  (10-12),  (14-18); 

21-6,  16,  20,  25,  29. 

Tables  6-1;  8-2;  9-(2-6);  10-1,  8;  12-(l-5),  7a,  7b,  8a, 

8b;  13-1,  2,  4,  6;  15-2;  1 7-(  1  -4),  6,  7; 

18A-(l-4),  6,  7;  19-1;  20-1,  2,  (4-7),  9,  10; 

2 1  - ( 1  - 4) ;  24-1  (I,  11,  IV,  V,  Vll,  VIII,  IX,  X, 

xi,  xii,  xiii,  xiv,  xv,  xvi,  xvm,  xxm, 

XXIV,  XXV,  XXVI,  XXVII,  XXV1I1,  XXX, 

XXXII). 

Figures  2-7;  4-1,  7;  10-3,  6,  7,  10;  12-(8-10);  14-2, 

(7-9);  15-(  1-4);  20-1,  4,  6,  9;  21-1,  4. 

Pages  12-(  17-23), 

Tables  10-8;  12-5;  20-1,  7,  10. 

Figures  10-3;  12-8,  9;  20-1,  9. 

Pages  4-13;  5-17,  18;  6-15;  8-10;  12-9,  21,  27,  28; 

16-16;  19-14;  20-3,  4,  12,  (14-16);  22-1. 

Tables  9-(5-7);  12-3,  5,  7a,  7b;  20-1,  7,  8,  10;  24-1 
(IV,  XXIV,  XXVII,  XXV111,  XXX). 

Figures  4-2,  4,  5;  10-6,  7,  10;  20-1,  9. 

0(4  3P)  Table  9-5. 

0(5P)  Table  9-6. 

G^S)  Pages  5-18;  8-10;  9-31;  12-21;  lb-lb;  A9-i4;  20-4,  14,  15. 

Tables  9 - (5-7 );  12-7a,  7b;  20-1,  7,  10;  24-1  (IV,  XXV, 
XXVIII,  XXX). 

Figures  10-6,  7;  12-10;  20-1,  9. 

0(3S)  Tables  9-5,  6;  20-1. 

0(5S)  Tables  9-5,  6;  20-1. 

Figure  20- 1. 

0+  Pages  4-6;  6-7,  14,  15;  8-2,  8;  9-(l  1-  13),  15;  10-4; 

12-14,  21;  13-3,  4;  15-31,  34,  39.  (43-45), 

47;  16-18,  22,  23;  18A-5;  20-5,  11,  (15-17'. 
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{  _ 

0+  (Cont'd.)  Tables  9-2,  3,  5,  6;  10-1,  9;  12-1,  7b,  8a,  8b;  13-3, 

5,  7;  16-1.1,  1,2;  18A-1,  3,  5,  7;  20-1,  3; 
2l-*±;  24-1  (I,  11,  V,  Xlll,  XIV,  XV11I, 
XXV111,  XXX). 

Figures  4-3,  4;  10-4,  6,  7;  12-8,  10,  11;  14-8,  64, 
73,  71;  20-2,  4. 

0+"'  Pages  12-20,  21;  20-(l5-17). 

Tables  10-9;  20-1. 

Figures  10-4;  12-(8- 11);  20-2. 

0+(ZD)  Pages  6-15;  12-20;  20-8,  (16-18). 

Tables  9-3,  6;  12-8a,  8b;  20-1,  9,  10;  24-1  (Ii,  Xlll, 
XXV111,  XXX), 

Figures  10-7;  12-8,  9,  11;  14-73;  20-2. 

0+(ZF)  Pages  12  -21;  20-16,  17. 

Tables  9-6;  12-8a,  8b;  20-1;  24-1  (11,  XXVIII). 
Figures  12-(9-ll). 

^  0+(4P)  Figure  14-74. 

0++  Page  15-43. 

Tables  10-1;  12-1. 

O3  Page  lb-43. 

o'  Pages  5-7;  6-12,  14;  8-7;  9-15,  30;  10-3;  11-25; 

16-22,  23;  17-2,  4,  5,  8,  9,  12,  13;  18A-3; 
20-11,  13. 

Tables  10-1,  7;  ’6-1.2;  17-{l-4/,  6,  7;  18A-2,  4,  6; 
20-10;  24-1  (V,  Vll,  VIII,  IX,  X,  XI,  Xll, 
XV,  XVI,  XX,  XXI). 

Figures  10-6,  7,  9;  14-2. 

0'¥  Teble  10-7. 

0'(C02)  See  CO^. 

o'(HzO)  Tables  18A-6;  24-1  (XXI). 

OCS  Page  19-6. 

I 
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OH  Pages  7-7;  U-l,  16,  17;  17-2,  18A-8;  19-3,  12;  20-16; 

21-6. 

Tables  6-1;  10-1,  19;  11-1;  17-(l-3);  18A-(i-3);  19-1; 

20- 10;  24-1  (VII,  VIII,  XIII,  XIV,  XV,  XIX, 
XXIV,  XXV,  XXVII). 

Figure  4-6. 

OH*  Pages  1 1  -  ( 1 5- 1 7). 

Tables  9-6;  20-10. 

OH*  Page  12-29. 

Tables  10-19;  20-10. 

OH+  T»'bies  10-1,  19;  ’8A-1,  3;  24-1  (XIII,  XIVj, 

Figure  14-64. 

OH+  "  Table  10- 19. 

OH"  Page  17-2. 

Tables  JO-1,  1?;  17-1,  2,  7;  18A-2,  4;  24-1  (VII,  VIII, 
XII,  XV). 

0H"(H?0)  lable  17-7. 

OONO"  Page  18A-7. 

(Cf.  NO")  Tables  18A-4;  24-1  (XVI). 

O  Pages  2-9,  10;  3-33,  38;  4-1,  6,  8,  10,  15;  5-19;  6-2, 

2  "  8,  12,  14.  15:  8-11;  9-12,  15,  30;  10-2,  4; 

11- U3-20),  27,  32,  33;  12^6-16),  20,  27  28, 
30;  13-1,  3,  4;  15-1,  21,  34,  36,  (39-43),  46, 
47;  16-14,  15,  17,  22,  23;  17-2,  4,  (6-8),  12, 
14,  17;  18A-( 5-9);  19-(4-6),  (8-14);  20-6, 
(9-18);  21-4,  5,  8,  16,  20,  25,  27,  28. 

Tables  9-2,  4,  6,  7;  10-1,  17;  11-2;  12-(l-4),  ^a,  7b; 
13-1,  2,  4,  6;  15-1;  16-1.2;  I7-(  1-7); 

18A-(  1-7);  19-1;  20-1,  2.  (4-6),  (8-10); 

21- (  1-4);  24-1  (1,  II,  IV,  ^11,  VIII,  IX,  X,  XI, 
Xlt,  XIII,  XIV,  XV,  XVI,  XVIII,  XIX,  XX, 

XXI,  XXII,  XX11I,  XXIV,  XXV,  XXVI,  XXVII, 
XXVIII,  XXIX,  XXX,  XXX11,  XXXIIi). 

Figures  2-7;  3-7;  4-1,  4,  (6-8);  10-7,  8,  11;  11-18-10); 

12- (l-6);  14-(45-61);  15-1,  2,  (6-8);  20-1,  4 
(6-8);  21-:,  3,  4. 
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CL  Pages  4-15;  8-11;  11-19;  19-7,  14;  20-11,  18;  21-4,  16. 

Tables  9-8;  20-2,  5,  10;  24-1  (XXXll,  XXXIII). 

Figures  10-7;  20-1,  6,  7. 

O  Pages  20-12,  18;  21-16. 

Tables  10-17;  12-1;  20-1,  10. 

Figures  10-7;  20-1,  8. 

0„<a  )  Pages  5-8,  18;  6-15;  11-19;  12-6,  7,  14,  16,  27,  28; 

8  13-2;  17-8;  18A-3;  19-5,  14;  20-12,  13. 

Tables  9-(5-7);  10-17,  12-2;  17-4,  6;  20-1,  6,  10; 

24-1  (X,  XII,  XV,  XXIV,  XXVI,  XXVII, 

XXVIII,  XXIX,  XXX). 

Figures  4-2,  4,  5;  5-4;  10-7;  20-1,  8. 

1  * 

CL(a  A  )  Figure  20  1. 
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Cher,  M. ;  20-228 

Cheret,  M.  :  16-46,  47 

Chibisov,  M,  I,  :  11-64;  17-38 

Childs,  W.  :  20-34 

Chilton,  C.  J.  ;  9-54 

Chimonas,  G.  :  3-39 

Cliing,  B.  K.  :  7-70;  12-42 

Christophorou,  L.  G.  :  17-48;  20-216 

Chubb,  T,  A.  :  9-73 

Chupka,  W.  A.  :  7-17;  17  -58 

Churchill,  D.  R.  :  11-62 

Ciolkowski,  S.  :  19-37 

Clark,  I.  D.  :  9-  120;  12- 39, •  20-  1 54,  156,  159,  181.  196;  24-37,  42 

Clark,  M.  A.  :  9-107 

Clark,  T,  C.  :  20-78 

Clarke,  E.  M.  :  14-(2784),  (2954) 

Clayton,  C,  R,  ;  17-60 
Clough,  S.  A.  :  11-11 
Clew,  R.  P.  :  7-24 

Clyne,  M,  A.  A.  :  19-10,  18,  26,  32,  40,  56 
Cohen,  N.  :  24-13 
Cohen,  R.  S,  :  21-13 
Cohen.  V.  W.  ;  7-58  (Ed.) 

Coleg  rove,  D.  G.  ;  3-60,  61 
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Colgate,  S.  O.  :  7-34 
Collins,  C.  B.  :  11-72 
Comeaux,  A.  R.  :  7-84;  15-46 
Comes,  F.  J.  :  12-49,  57 
Compton,  D.  M.  J.  :  18-22 
Compton,  R.  N.  :  17-48 
Conneely,  M.  J.  :  8-47 
Conner,  J.  P.  :  9-54 
Connor,  T.  R.  :  16-14 
Conrath,  B.  J.  :  11-41 
Conway,  D.  C.  :  17-45 
Cook,  C.J.:  7-63;  16-53;  20-20 

Cook,  G.  R.  ;  7-70;  10-29;  12-17,  29,  31,  42;  20-160 

Cooper,  J.  :  17-11 

Copeland,  G.  E,  :  20-40 

Copsey,  M.  J.  :  7-5 

Corrigan,  S.  J.  B.  :  14-(1566),  (1771) 

Cosby,  P.  :  20-141 
Cottrell,  T.  h.  :  21-55 
Courtier,  G.  M.  :  9-104 
Cowling,  T.  G,  :  21-15,  75 
Coyne,  T.  N.  R.  :  21-35 
Craggs,  J.  D.  ;  14-<357),  (938) 

Craig,  R.  A.  :  3(Supp.) 

Crain,  C.  M.  :  21-72 
Crawford,  O.  H.  ;  21-15 
Crompton,  R.  W,  :  21-42 
Cummings,  F.  W,  :  20-80,  222 
Curran,  R.  K.  :  17-20 
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Curtiss,  C,  F.  :  3-4* 

Cvetanovich,  R,  J.  :  20-188,  189,  190;  24-24 
Dale,  F.  :  7-47;  18-17,  55 

Dalgarno,  A.:  6-3,  4,  10;  7-51;  8  (Author) -6,  19,  23,  32,  35,  36, 
41,  50,  51,  69;  9-24,  37,  40,  85,  102,  105,  138,  139;  12-47; 
15-16,  18,  31,  33;  16-42;  17-21;  20-48,  77,  92,  111,  207;  21-15, 
36,  37;  21-40,  47,  52,  78;  24-38,  45 

Dance,  D.  F.  :  7-54;  14-(2788),  (2790);  17-37 

Danilov,  A.  D.  :  3-66* 

Davies,  K,  :  3-33 

Davidovitz,  P.  :  20-71 

Davidson,  G.  T.  :  9-4;  21-33 

Davidson.  N.  :  19-5 

Davis,  F.  J.  :  21-5 

Decker,  L.  J.  :  19-11 

Degen,  V.  :  10-54;  20-35 

Degges,  T.  C.  :  11-35;  15- 16;  21-52 

de  Heer,  F.  J.  :  7-92;  14-(  1281),  (1782),  (3687),  (4220) 

Dehmel,  R,  C.  ;  15-29,  30 
de  Jager,  C.  ;  5-2  (Ed.) 

Delcroix,  J.  L.  :  3-1* 

Deigreco,  F.  P.  :  11  (Author) 

Della  Lucca,  L.  :  9-19;  17-10;  21-61 

Deloche,  R.  :  16-45,  47 

DeMore,  W.  B,  :  12-70;  20-192,  193,  195 

Denkov,  Yu.  N.  :  8-65 

Dcspain,  A,:  20-166 

Detwiler,  C.  R.  :  13-11 

Diaber,  J.  W.  :  21-19 

Dibeler,  V.  H,  :  10-33,  35 
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Dick,  K.  A.  :  9- 1 10 
Dickinson,  P.  H.  G.  :  9-31 
Dickinson,  R.  E.  :  3-25*,  26* 

Dingle,  R.  B.  :  21-28 

Ditchburn,  R.  W.  :  8-6?;  12-8 

Dmitriev,  1.  S.  :  15-50,  51,  56 

Doering,  J.  P.  :  16-5 

Doherty,  R.H,  :  9-135 

Dolder.  K.  T,  :  7  52,  53;  14-(26l),  (4344) 

Donahue,  T.  M.  :  9-56,  137,  140;  11-4 

Donley,  J.  L.  :  9-55 

Donnally,  B.  L.  :  20-230 

Donohoe,  J .  :  21-17 

Donovan,  R.  J.  :  20-45;  24-23 

Doolittle,  P.  H.  :  12-32 

D'Orazio,  L.  A.  :  17-41 

Dorfman,  L.  M.  ;  19-19 

Dorman,  F.  M.  :  10-20,  23 

Dougal,  A.  A.  :  2  1-14 

Doughty,  N.  A.  :  11-56 

Douglas.  A.  E.  :  10-17 

Dowell,  J.  T.  :  20-144 

Downing.  F.  A.  :  21-33 

Drayson,  S.  R.  :  4-7 

Dressier,  K.  :  10-26 

Drysdale,  D.  D.  :  19-54;  24-  16.  32,  35 

Dunkin,  D.  B.  ;  9-78,  84,  88;  17-43,  51;  18-4,  5,  7,  8;  4-5,  38, 
43,  48,  50,  56 

Dunn.  G.  H.  :  7-55,  58;  14-(2171).  (2772) 

Durana,  S.  C.  :  24-10 
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Durden,  D.  A,  :  18-19,  20 
Dutsch,  H.  U.  :  12-65 
Dyce,  R,  B.  :  5-20 

Eather,  R.  H.  :  9-10,  111,  112,  115 
Eckart,  C.  •  3- 18* 

Edelson,  D.  :  21-68 

Edmonds,  R.  S.  :  9-53 

Edguist,  O.  ,  et  al:  10-53;  20-28 

Ehrhardt,  H.  :  7-85;  14-(3252);  15-59 

Eichmeier,  J.  :  21-80 

Eisner,  P,  N.  :  7-94,  95,  96,  16-51;  20-227 
Ekin,  J.  W.  ,  Jr.  :  17-23 
Elder,  F.  A.  :  17-50 
Eliassen,  A.  :  3  (Supp, 

Elleman,  D.  D.  :  7-21 

Ellison,  M,  A.  :  5-13 

Elzer,  A.:  12-49,  57 

Endow,  N.  :  19-2  5 

Engelhardt,  A.  G,  :  20-61;  21-1 

Englander-Golden,  P.  ;  14-(1105),  (1410),  (1459) 

Entemann,  E,  A.  ;  7-60;  18-57 

Epstein,  E.  S.  :  4-7 

Eraslov,  E.  M.  ;  7-61 

Eriksson,  K.  3.  S.  :  10-40,  42,  45;  12-83 
Estermann,  I.:  7-9(Ed.),  57  (Ed.  );  15-20  (Ed.  ) 
Evans,  E,  W.  :  16-3-6 
Evans,  J.  E.  :  9  (Author) -8,  15.  16,  21 
Evans,  J.  S,  :  12-23 
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Evans,  J.  V.  :  4-3;  5-7,  8;  6-5 

Evans,  W.  F.  J.  :  9-119;  12-34;  20  148,  180 

Evanson,  K.  M.  :  19-36 

Everhart,  E.  :  15-53 

Ewing,  G.  E.  :  J7-64 

Eyring,  H.  :  16-71 

Fabian,  W.  :  12-12 

Faire,  A.  C.  :  16-17 

Falconer,  W.  E.  :  21-68 

Fano,  W.  :  20-5 

Farmer,  A.  J.  D.  j  12-12 

Farragher,  A.  L.  :  7-10;  18-10 

F?.stie,  W.  G.  :  9-103  • 

Faleeva,  L.  N.  :  15-50,  51,  56 
Fedele,  D.  :  3-7* 

Fedorenko,  N.  V.  :  15-5,  6 

F ehsenfeld,  F.  C.  :  4-21;  6-6;  7-9;  9-30,  78,  81,  82,  84,  88,  133; 
17-7,  22,  27,  36,  43.  49,  51;  18-4,  5,  6,  7,  8,  9,  13,  32.  34, 
35,  36,  38,  39,  40,  42,  43,  47,  48,  49,  50,  52,  53,  54,  56,  58, 
59,  62;  20-89,  163,  206;  21-3;  24-5,  8 

Feinberg,  R.  M,  :  11-10 

Feldman,  E.  ;  4-17 

Fenimore,  C.  P.  :  19-38 

Ferguson,  E.  E.  :  4  21:  6-6;  7-9,  51;  8-36;  9-30,  78,  81,  84,  88; 
17-7,  22,  27,  43,  5J ,  54,  67;  18  (Author) -4,  5,  6,  7,  8,  9,  14, 
31,  32,  35,  36,  38,  40.  42,  43,  44,  45,  47,  48,  49,  50,  52,  53, 
54,  56.  58,  59,62;  20-89,  206;  21-81;  24-4,  5,  8 

Fessenden,  R.  W.  :  17-32 

Field,  F.  H.  :  7-12 

Fields,  H.  :  21-45 
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Filseth,  S.  V.  :  20-171,  183;  24-41 
Findlay,  F.  :  20-157;  24-21 
Findlay,  J.  A.  :  9-83 

Fineman,  M.  A.  :  14«(2784),  (2954);  20-134 

Fink,  E.  H.  :  20-39 

Finkelnberg,  W.  :  11-48 

Finlayson,  N,  :  6-16;  20-168 

Firsov,  O.  B.  :  15-36,  37,  38 

Fisher,  E.  R.  :  4-15;  20-7,  55,  62,  63,  87,  94 

Fite,  W.  L.  :  7-2  (Ed.),  8,10;  8-66;  14-(320),  (323);  15  (Author) -8, 

9,  10,  28,  44,  45,  46,  47,  49;  17-16;  18-10,  30;  20-86,  i A3,  138, 
209 

Fi<±r.nery,  M.  R.  :  8-26 
Fleischmann,  H.  H.  :  15-29,  30 
Florance,  E.  J.  :  15-31 
Florance,  E.  T.  :  15-16,  17,  18 
Flugge,  R. :  20-149 

Flugge,  S.  :  3  (Supp. }  (Ed.  )*;  7-74  (Ed. );  1 1-48  (Ed.  );  12- 1  (Ed. ) 

Fogel,  Ya.  M.  :  14-(4083);  15-52;  20-204 

Folkestad,  K.  :  9-72 

Foner,  S.  N.  :  20-103;  24-34 

Fontijn,  A,  :  11-40;  19-29 

Ford,  H.  W.  :  19-25 

F ortin,  C.  ;  20-157 

Fouracre,  R.  A.  :  18-3 

Fowler,  R.  G.  :  14-(2923);  20-23 

Francis,  W.  E.  :  8-29;  15-35 

Frankevich,  E.  L.  :  7-13 

Franklin,  J.  L.  :  7-12 


1 
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Frazier,  P.  A.  :  11-56 

Freedman,  E.  :  19-28 

Friedman,  L.  :  7-51;  8-36 

Frihagen,  J.  :  5-7  (Ed.);  9-132  (Ed.) 

Frimout,  D.  :  13-13 

Frisov,  O.  B.  :  11-64 

Froben,  F.  W.  :  20-27 

Frommhold,  L.  :  16-4,  15;  17-25 

Frosch,  R.  :  20-24 

Frost,  D.  C.  :  7-81 

Frost,  L.  S.  :  21-11 

Fueno,  T.  :  16-71 

Furnival,  S.  ;  20-218 

Futrell,  J.  H.  :  7-24,  14,  15 

Gabathuler,  E.  :  20-214 

Gadsden,  M.  :  9-125 

Gaily,  T.  D.  :  16-64 

Galomb,  D.  :  5-31 

Garcia,  J.  D.  :  15-21,  26,  27,  28 

Garcia- Munoz,  M.  :  15-2 

Gardner,  J.  L,  ;  12-88 

Gardner,  M.  E. :  16-66 

Garnett,  S.  H.  :  20-78,  79 

Garrett,  D.  L.  ;  13-10 

Garriott,  O.  K.  :  3-12*;  5-21;  9-36 

Garstang,  R.  H.  :  20-13 

Gattinger.  R.  L.  :  6-9;  20-147 

Gatz,  C.  ;  20-223;  21-65 
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Gauvin,  H.  P.  :  11-3 
Geballe,  R.  :  17-26 

Geltman,  S.  :  8-56;  11-55,  56;  17-12;  21-50 
Gentry,  W,  R.  :  7-50 
George,  J.  D,  :  13  (Author) 

Georges,  T.  M.  :  3-27  (Ed.  )*,  32* 

Gerjuoy,  E.  ;  8-49;  15-26,  27,  28 
Getty,  W.  E.  :  21-15 
Ghormley,  J.  A.  :  11-36 
Giese,  C.  F.  :  7-42,  44,  45 
Giesecke,  A.  A.  :  9-64 
Giguere,  P.  A.  :  10-63 
Gilbody,  H.  B.  :  15-58,  61 
Gille,  J.  C.  :  3-23*.  24,  46 

Gilmore,  F.  R.  :  1  (Author);  10  (Author) -51;  17-52;  20  (Author) -6, 
7,  9 

Gilpin,  R,  :  24-22 
Gioumousis,  G.  .•  8-37;  11-62 
Gislason,  E.  A.  :  7-50 
Giver,  L,  P.  :  20-33 
Glad,  S.  :  10-39 
Glasstone,  S,  :  5-23 
Glennon,  B,  M.  :  20-8 
Giuckstern,  R.  :  15-14 
Giupe,  G.  :  14-{589) 

Godske,  C.  L.  :  3-56* 

Goidan,  P.  D.  :  9-30;  18-45,  52;  20-109 

Goldberg,  L.  :  13-8 

Golden,  D.  E.  :  18-25;  20-68;  21-64 
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Goldman,  A.  :  11-8 
Goldstein,  R.  :  12-19 
Golub,  S.  :  17-6 
Gonfalone,  A.  :  16-46,  47 
Good,  A.:  18-19,  20 
Good,  R,  E.  :  11-32 
Goodall,  C.  V.  ;  16-32 
Goody,  R.  M.  :  3  (Supp.  )* 

Gottlieb,  B,  :  4-9 

Gould,  R.  :  8-3 

Graben,  H.  W.  :  21-15 

Gray,  E.  P.  :  1 6 - 3 

Greaves,  C,  :  16-9 

Green,  A.  E,  S,  :  20-69,  70;  21-36,  37 

Green,  J.  A.  :  16-35 

Greene,  i£.  F.  :  7-35 

Greene,  .T,  S. ,  Jr.:  15  (Author) -7 

Greig,  J.  D,  :  24-28 

Griem,  H.  R.  :  11-46,  49 

Grigorev,  A.  N.  :  15-39 

Crones.  G,  V,  :  5-1 

Gross,  R. W.  F. :  24- 13,  14 

Groti  ;an,  W,  :  10-4 

Griinberg,  R.  :  17-34 

Gryzinski,  M.  :  15-22,  23,  24.  25 

Guerin,  F.  :  20-25 

Gunton,  R.  C,  :  9  (Author) -33,  89*,  16-7,  26;  17-3) 
Gush,  H.  P.  :  11-1 
Gustafaseon,  G.  :  9-52 
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Gutman,  D.  :  17-58 
Guttnian,  A.:  11-7 

Haas,  R.  :  14-{684) 

Hackman,  R.  :  16-19 

Haddad,  C,.  :  12-9,  12 

Haerendel,  G.  :  5-32,  34 

Kagen,  G.  :  7-65,  66;  16-22 

Hake,  R,  D.  :  21-4 

Hall,  J.  L.  ;  7-87;  17-11,  40,  62 

Hall,  L.  A,  ;  13-1,  7 

Hall,  P.  G.  ;  24-28 

Halpern,  G.  M.  :  16-50;  21-73 

Ham,  D.  O.  :  24-15 

Hamlin,  D.  A.  :  11-34 

Hamoscn,  J.  :  20-198 

Hampson,  R.  F.  :  20-181 

Hauel,  R.  A.  :  11-41 

Hansen,  W,  B.  :  3-60,  61;  9-75,  77 

Hansen,  H,  P.  :  14-(2784),  (2954) 

Harang,  O.  :  5-30 

T-hrorpavp'S,  T  K  •  9-48 

- -  -  -  -  -  -  '  -  *  * 

Harris,  A.  K.  :  9-18,  64 
Harris,  K.  K.  :  3-30 
Harrison,  H.  J.  :  7-86;  14-{974) 

Harrison,  M.  F.  A.  ■„  7-52,  53,  54,  56;  14-(261),  (2788),  (2790); 
16-63,  61;  17. 37 

Harteck,  P.  :  12-10 

Hartman,  P.  L.  :  21-  33 

Hartunian,  R.  A.  :  19-30 


( 
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Haslett,  J.  :  20-  1 67 

Hasted,  J.  B.  :  7-29,  30;  8-39;  15-3,  42;  17-25;  18-26,  27;  20-161; 
21-6 

Hays,  P.  B.  :  21-15 
Head,  C.  E.  :  20-21 
Headrick,  D.  :  20-149 
Heffter.  J.  L.  :  3-57 
Heicklen,  J,  :  6-14,  15 
Heimerl,  J.  :  7-26;  18-23,  63,  64 
Helbing,  R.  K.B.:  7-41 
Hemsworth,  R.S.  ;  7-11 

Henderson,  W.  R.  :  8-66;  17-16;  20-86,  138 
Hendl,  R.  G.  :  3-38 

Henry,  R.  J.  W.  :  8-45,  51,  69,  70,  71,  73;  12-46,  47,  51,  52,  56, 
58;  20-179;  2.1-20 

Herm,  R.  R.  ;  7-38 

Herman,  K.  :  10-63 

Herman,  Z.  :  7-49 

Herrmann,  G.  F.  :  21-26 

Herron,  J.  T.  ;  10-37;  12-84;  19-23 

Herschbach,  D.  R,  :  7-38,  39;  20-67 

Herzberg.  G.  ;  10-2,  6,  15.  28,  34,  50, 

Herzenberg,  A.:  8-20,  21,  58,  61,  63; 

Herzfeid,  K.  F.  :  2C-74;  11-17 

Hessenaur,  H.  :  17-34 

Hesser,  J.  E.  :  20-22 

Hesstvedt.  E.  :  3  (Supp.  );  20-199 

Hewitt,  E.  W.  :  19-30 

Hewitt,  L.  W.  ;  9-95 


12-79,  17-53 
17-24,  35 
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Heylen,  A,  E.  D.  :  21-45 
Hiboert,  A.  :  8-47 
Hicks,  G.  T.  :  9-73 
Hidalgo,  M.  B.  :  8-72 
Hils,  D.  :  20-210 

Hines,  C.  O.  :  3-22  (Ed.  )*,  29,  39;  20-52 
Hinnov,  E.  ;  11-70;  16-44 
Hinteregger,  H.  E.  :  13-1,  7 
ilirschfelder,  J,  O.  :  3-4* 

Hirschberg,  J.  G.  ;  16-44 

Hirsh,  M.  N.  :  7-94,  95,  96;  16-50,  51;  20-227;  21-7.3 
Hochanaciel,  C.  J.  :  11-36 
Hochstim,  A.  R.  ;  3  (Supp.)  (Ed.)* 

Hodges,  R.  R.  :  3-42,  51;  9-94 

Holland,  D.  H.  :  11-62 

Holland,  R.  F.  :  14-(2785);  20-29;  21-33 

Hollingsworth,  C.  :  20-228 

Holistein,  M.  :  20-18 

Holt,  H.  K.  :  20-212 

Holt,  O.  :  9-99 

Holzer,  W. ,  et  al:  10-61 

Houston,  R.  E.  :  9-  70 

Howard,  C.  J.  ;  18-11,  12 

Huber,  K.  P.  :  10-25 

Hudson,  R.  D.  :  7-73;  12-7,  11,  24,  43 

Hudson,  R.  L.  ;  24-34 

Huffman,  R.  E.  :  5  10;  7-69,  72;  1 2  (Author)  -  5,  18,  26,  28,  36,  37 
44,  53,  59,  72,  78;  13  (Author) -6 

Hughes,  B.  M,  ;  17-65 


ON  A  1948H 


Kuise,  W.  H.  :  9-64 
Humphrey,  C.  H.  :  11-62 
Humphreys,  C,  J,  :  10-47 
Hunt,  B.  G.  :  6-8;  9-13  6;  20-197 

Hunten,  D.  M.  :  9-12,  91,  101,  119,  12i,  123;  12-40;  20-42,  84, 
104,  148,  170,  202 

Hunter.  D.  M.  :  12-34,  67 

Huppi,  E.  R.  :  11-2 

Hurst,  G.  S.  :  17-48 

Hushfar,  F.  ;  11-33 

Husian,  D.  ;  20-45;  24-23 

Huxley,  L.  G.  H.  :  21-2,  42 

Hyatt,  D.  :  7-16 

Hyslop,  J.  :  8-34 

Inghram,  M.  G.  ;  17-50 
Ingraham,  J.  C.  :  20-178 
Inn,  E,  C.  Y.  :  12-63 
Intezarova,  E,  1.  :  19-42 
Isaacson,  L,  :  20-107 
Isberg,  II.  B.  S.  :  12-83 
lsler,  R.  C,  :  9-1 03 
Itikawa,  Y.  :  8-55;  21-15,  43 
Iwata,  M.  :  10-19 
Izod,  T.  P.  J.  :  12-71;  20-194 

Jacchia,  L.  G.  :  5-2,  4,  5 
Jacox,  M.  :  11-6 
Jaffe,  S.  B.  ;  6-19 
Jamshidi,  E.  :  4-19 


APPENDIX  G 


Janev,  P„.  K,  :  8-24 

Jarmain,  W,  R.  :  20-36 

Jenkins,  F.  A.  :  12-82 

Jespersen,  M. :  5-16;  9-99,  100;  21-29 

Jesperson,  M.  :  9-67 

Jeunehomme,  M.  :  20-17,  26,  38,  41 

John,  T.  L.  :  11-57 

Johnsen,  R.  :  7-26,  27,  28;  16-37;  18-23,  24 

Johnson,  A.  W.  :  20-23 

Johnson,  F. S, :  3-60,  61;  4-9 

Johnson,  L.  C,  :  11-70 

Johnson,  F„.  G.  :  9-8,  66 

Johnston,  H.  S.  :  19-46,  58;  20-30;  24-20,  29 
Johnston,  T.  W.  :  21-10 
Joki,  E.G.  ;  9  (Author) 

Jones,  A.  Vallance:  9-1 19;  12-34;  20- 147,  148,  180 

Jones,  G.  W.  :  19-38 

Jones,  I,  T.  N.  :  20-146 

Jones,  P.  R,  :  15-53 

Jones,  W,  M.  :  19-5 

Jordon,  Jf  ^ 

Jory,  R.  L.  :  21-14 
Jundi,  Z.  :  8-26 
Jursa,  A. S. ;  12-77 
Justus,  C.  G.  :  3-10 

Kane,  J.  A.  :  9-72,  96,  98,  99:21-29 
Kaneko,  Y. :  7-29,  31;  18-29 
Kanomata,  1.:  7-31;  18-29 


G-23 


DNA  1948H 


Kappe,  V.  T.  :  14-(4083) 

Karzas,  W.  J.  :  11-47 

Kaskan,  W.  E.  :  20-Z34 

Kasner,  W.  H.  :  16-2,  13,  20,  29,  30 

Katayama,  D.  J.  ;  12-78 

Kaufman,  F.  :  6- 1 3;  7 -6;  1 8- 1 1 ,  12;  19  (Author) -2,  11,  13,  15,  17 
24,  27,  31,  34,  45,  53,  55;  20-31,  135;  24-15,  31,  33 

Kay,  J.  :  17-47 

Kebarle,  P.  :  17-42,  66;  18-19,  20 
Keck,  J.  C.  ;  8-26;  10-9 
Keller,  G.  E.  :  18-65,  66;  21-81 
Kellogg,  W.W.  :  3-55 

Kelso,  J.  R,  ;  6-13;  19-13,  15,  17,  24,  28 
Kenahan,  J.  A,  :  10-13 

Kcneshea,  T.  J.  :  3-64,  3  (Supp.);4-8;  13  ^  Author) -4;  24-1 
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Ogryzlo,  E.O.  :  6- 16;  20- 1  68;  24-47 
Ohmholt,  A.  :  20-201 
Okabe,  H.  :  12-68;  20-181 
Oidenberg,  O.  :  14-{992);  20-1S6,  226 

Olmsted,  J.  ;  20-100 

- -  d  tr  .  q  is.  lA  c~  c « 

W  i  3  U  t  .  W  A  W  j  A  W  W  1  j 

O'Malley,  T.  F.  ;  6-7;  8-15,  65;  17-12,  18;  18-33;  20-91,  139 

Omholt,  A.:  5-30  (Ed.),  34  (Ed.  );  9-2  (Ed.  ),  65,  68,  117 

Omidvar,  K.  :  20-237 

O'Neill,  R.  :  4-20;  21-33;  11-25 

Ong,  P.  P.  :  7-30;  8-39;  18-26,  27 

Oort,  A.  H.  :  3-48 

Opal,  C.  B.  :  21-41 

Opik,  U.  :  S- 67 
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Oskam,  H.  :  16-11 
Otto,  W.R.  :  15-46 
Oya,  H.  :  9-63 

Pack,  J.  L.  :  7-32;  17-14,  45;  1 8-61 ;  2 1  -  12 ;  24- 9 

Page,  F.  M.  :  17-47 

Paltridge,  G.  W.  ;  21-79 

Pantoja,  A.  :  9-64 

Parez,  J.  :  7-97 

Parkes,  D.  A.  :  17-30;  i8-67;  19-31;  21-16 

Parkinson,  T.  M.  :  9-128,  140 

Parkinson,  W,  H.  :  13-11 

Parthasarcthy,  R.  :  9-71 

Pastiels,  R.  :  13-13 

Paul,  E.  ,  Jr.  :  10-47 

Paulsen,  D.  E.  :  5-10;  12-26;  13-6 

Paulson,  J.  F.  :  7  (Author) -47;  17- 59;  18-17,  18,  55,  60 
Payzant.,  J.  D.  :  17-66 
Peacher,  J.  L.  :  8-22;  20-140 
Peart,  B.  :  l4-{4344) 

Peatrr.a.-i,  W.  B.  :  7-64;  16-62 

r>  i  *r  *  i  n  i  r*  n  ^  n  •  a 

rcucu,  j.  /-v.  ;  i-io,  aq-au 

Pederson,  B.  M.  ;  9-100 
Peek,  M. :  9-106;  11-71 
Peetermans,  W.  :  4-10 
Pekeris,  C.  L.  :  10-10 
Penner,  S.  S.  :  11-13 
Percivai,  1.  C.  :  15-20 
Perner,  D.  :  19-50 
Person,  J.  C.  :  16-52 
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Peters,  T,  :  11-18 

Petersen,  O.  :  9-99 

Peterson,  J.  R.  :  7-63;  8-18;  16-63,  54,  55,  56,  57,  58,  59,  60,  61; 
20-110 

Peterson,  L,  P,:  21  -  36,  37,  38 
Peterson,  R.  :  20-18 
Peterson,  W,  K.  :  21-41 
Petrie,  W.  :  20-106 
Pharo,  M.  W.  ,  III:  9-83 

Phelps,  A.  V.  ;  7-32;  1 7  { Author)  - 1 4,  19,  23,  28,  29,  32,  45;  18-61, 
68;  20-61,  213;  21  {Author)- 1,  2,  4,  11,  12,  13,  43,  54;  24-9 

Philbrick,  C.  R.  :  9-19;  21-61 

Phillips,  L.  F.  :  4-16;  19-14,  16,  39;  20-53,  54;  24-26,  27,  30 
Pichanick,  F.  M.  T.  :  7-58  (Ed.  ) 

Piddington,  J,  H.  :  4-2 
Pierce,  E.  T. :  5-24 
Piggott,  W,  R.  ;  21-23 
Pikus,  I.  M,  :  15  (Author) 

Pilipenko  D,  V.  :  15-52 
Pitteway,  M.  L.  V.  ;  3-41 
t  nt  . 

A  »  w  |  »  i  t  •  -- 

Pivovar,  L.  1.  :  15-39 
Podney,  W.  N.  ;  3-44 
Pohl,  R.  D,  :  10-60 

Polanyi,  J.  C.  :  11-27,  28;  20-66,  220,  221 
Poppoff,  l.G.  :  9  (Author) -43,  44,  53,  131;  21-20 
Porter,  O.  :  7-12  (Ed.);  19-2  (Ed.  ) 

Poss,  E.  :  7- 9P 
Prabhakara,  C, :  11-41 
Prasad,  .5.  S.  :  21 -3P 
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Preston,  K.  F.  :  20-188 
Price,  W.  C.  :  7-82 
Priester,  W,  :  5-1,  3,  4  (Ed.  ) 

Prigogine,  I.:  21-31  (Ed.) 

Proshchak/.  L.  I.  :  14-(4083) 

Puckett,  L.  J.  :  7-4;  17-31;  18-1,  41,  64;L4-7 
Purcell,  J.  D.  :  13-10,  14 

Quinn,  T.  P.  ;  9-38 
Quiroz,  R.  S.  :  3  (Supp.  )  (Ed.  ) 

Rai,  D.  D.  :  9-71 

Raizer,  Yu.  P.  :  9-46;  11-61 

Raper,  O.  •  12-70;  20-192,  1<>3 

Rapp,  D.  :  8-29;  14-(1105),  (1410),  (1451),  (1459),  (1460);  15-35;  20-72 
Ratcliffe,  J.A.  :  20-49 
Rawer,  K.  :  3-8  (Ed.  )* 

Reasoner,  D.  L,  ;  9-111 
Ree,  T.  ;  16-71 
Rees,  J.  A.  :  21-14 

Rees,  M.H.  :  9-11,  139;  21-37,  40,  78 

r»  ~  ~ r'  x*  .  1  n  ii 

itcUvco,  m(  .  X  -V  “  *  A. 

Reeves,  R.  R.  :  12-10 
Reid,  G.  C.  :  9-132,  134 
Reid,  R.H.G.  :  4-22;  5-12,  13 
Reinhardt,  P.  W.  :  17-48 
Reinhardt,  W.  P.  :  8-47 
Rice,  J.  K.  ;  21-31 
Rice,  S.  A.  ;  21-31  (Ed.  ) 

Richter,  .T,  :  11-51 
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Riley,  J.  F.  :  11-37 
Rishbeth,  H.  :  3-12;  9-17,  36 
Risk,  C.G.  :  2C-61;  21-1 
Robb,  W.  D.  :  8-47 
Roberts,  J.  R.  :  11-58 
Robinson,  G.  :  20-24 
Rockwood,  S.  D.  ;  22  (Author) 

Rogers,  J.  W.  :  11-33 
Rogers,  W.  A.  :  16-30 
Rol,  F.  K.  :  7-60;  18-57 
Romick,  G.  J. ;  9-11,  116 
Rony,  P.  R.  :  19-3 
Rose,  P.  H.  ;  15-57 
Rose,  T.  L.  :  7-49 
Rosen,  N.  :  15- 34 

Rosenberg,  N.  W.  :  3-10,  11,  3  (Supp. );  5- 3 1 

Rosenstock,  H.  M. :  10-33 

Rosner,  D.  E.  :  19-1 

Ross,  J.  :  7-33  (Ed. 35;  20-44  ( Ed.  ) 

Rothe,  E.  W.  :  7-36,  41,  59;  14-(978),  ( 1268);  2 1  - 1 8,  22 

Row,  R.  V.  ;  £. i -  J4 

Roy,  S.  K.  :  21-28 

Rundle,  H.  N.  :  9-86 

Rundle,  H.  W.  ;  18-11,  12 

Rundel,  R.  D.  :  7-56;  14-(27SS),  (2790);  16-63;  17-37 
Ruppel,  H.  M.  :  11-59 
Russek,  A.  :  15-41 
Russell,  M.  E.  :  7-17 

Rutherford,  J.  A.  :  7-8,  46;  18-21,  22,  46,  69;  20-108,  129.  229 
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Ryan,  K.  R.  :  7-14,  15;  18-48 
Rybner,  J.  ;  9-99 
Ryding,  G.  ;  15-57 
Ryzko,  H,  :  21-14 

St.  John,  G.  :  16-6;  20-122,  125..  136;  24-40 
St.  John,  R.  M.  :  14-<2923),  (3710) 

Sakai,  H.  :  13-5 

Salkoff,  M.  :  20-232 

Salop,  A. :  21-8 

Salpeter,  E.  E.  :  11-44 

Sampson,  D.  H.  :  8-53,  57;  21-56 

Samson,  J.  A.  R,  :  7-67,  76;  12-27,  31,  48,  75,  80,  89,  90 

Sandler,  S.  1.  ;  2.1 -71 

Sandlin,  G.  D,  :  13-14 

Sanford,  B.  P.  :  9-114 

Sappenfield,  D.  :  11-53,  71 

Sauer,  M.  C.  ,  Jr.:  19-19,  49;  21-44 

Sautn,  K.  A.  :  10-52 

Savage,  B.  D.  :  20-11 

Sawina,  J.  A.  :  18-37 

Saxman,  A.  C.  :  3  5-57 

Sayers,  J.  J.  :  7-5;  8-28;  9-31;  16-33,  49,  67;  13-2 

Scarborough,  J.  :  17-42 

Schaffner,  S.  :  9-74 

Scheibe,  M.  :  11-62;  16-26 

Schexnayder,  C.  J.  :  12-23 

Schiff,  II.  I.;  4-16;  6-12;  7-7;  9-30,  84  19-37;  12-84;  17-7,  36; 
18-13;  19-14,  16,  2C,  29,  39,  41,  43.  20-53,  54,  167,  218; 
24-22,  26,  27,  30 
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Schlapp,  D.  M.  :  9-97 

Schmeltekopf,  A.  L.  :  6-6;  7-9;  9-30,  78,  84,  88;  10-55;  17-7,  22, 
27;  18-4,  14,  32,  43,  49,  52,  53,  56;  20-88,  89;  24-5,  8 

Schmidtke,  G,  :  13-7 

Schneider,  B.  :  8-75 

Schoen,  R.  I.  ;  7-"7,  83;  12-3,  32 

Schofield,  K.  :  19-59 

Schram,  B.  L.  :  14-(1281),  (1863) 

Schubert,  K.  E,  :  12-32 

Schuler,  D,  Z.  :  11-52 

Schulz,  G.  J.  :  8-60;  10-58,  59;  14-(324),  (984),  (1289),  (2763); 
17-50;  20-59,  102,  144,  145;  21-6,  51 

Schumacher,  H.  J.  :  19-8 

Schummers,  J.  H.  :  21-66 

Schurin,  B.  :  11-11 

Schutten,  J.  :  14-(1782) 

Schwartz,  S.  :  20-30 


Schweinfurth,  R.  A,  :  2  (Author) 
Scott,  P.  M.  :  24-24 
Searcy,  A. W.  :  10-13 

Sears,  R.  D. :  5-27;  20-93 


A  t  . 
‘'A  l 


11  54:16-41:20-177.  23K;  24-38 


Segal,  G,  A.  :  17-60 
Sehon,  R.  W.  :  21-80 
Seino,  K.  :  9-20 
Selley,  N.  J,  :  19-33 
Stlvin,  J,  A.  :  20  -227 
Selwyn,  P.  A.  :  3  (Author) 
Sen.  C.  L.  :  21-24 
Set per,  D. W.  :  20-233 
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Seward,  D.  •  10-60 
Shafer,  C.  :  17-45 
Sharma,  R,  D.  :  24-12 
Sharp,  G.  W. :  3-30 
Sharp,  R.  D,  :  9-116 
Sharp,  T.  E.  :  14-{  1451);  20-72 
Sharp,  W.  E.  :  9-109 
Sharpless,  R.  L.  :  21-65 
Shaw,  J.  J.  :  7-11 

Shaw,  T.  M,  :  9-33;  16-7,  26;  17-31 
Shefov,  N.  N.  :  11-29 
Shemansky,  D.  :  20-15,  16,  20 
Sheppard,  D.  J.  :  9-18,  64 
Shere,  K.  33.  :  3-37 
Sheridan,  J.  R.  ;  16-56;  20-18 
Sherida.,,  W.  F.  ;  14-i992) ;  20-226 
Shimazaki,  T.  :  3-62,  63 
Snimon,  L.  L,  :  20-211 
Shkarcfsky,  J.  P.  ;  21-10,  26 
Shore,  B.  W.  :  8-5 
Shuler,  K.  hi.  :  20-4b(Ed.  ),  6b 
Siebcrt,  M.  :  3-20* 

Sicgal,  M.  W.  :  7-87;  10-24;  17-11,  40,  62 
Silk,  J.  :  8-74 
Silver,  D.  M.  :  19-27 
Simpson,  F,  R.  :  14-{3981) 

Sinanogiu,  O,  :  20-239 

Sinfailan,  A.  L.  ;  8-45;  20-179;  21-20 

Sinnott,  G.  :  18-25;  21-64 


DNA  1948H 


Skouli,  G.  :  9-104 
Skuhenic.h,  V.  V.  :  14-(3387) 

Slanger,  T.  G.  :  9-130;  12-74;  20-121,  136,  150,  185,  219;  24-17, 
40,  44 

Slevin,  J.  A,  :  7-91,  95 

Slovli,  G,  :  9-72 

Smirnov,  B.  M.  :  17-38;  21-69 

Smith,  A.  C.H.  :  7-54;  14-(  1268),  f2790>;  15-58,  59,  60 

Smith,  D.  :  7-5;  lb-->2;  18-2,  3 

Smith,  F.  L.  :  4-87 

Smith,  I.  W.  M.  :  19-51 

Smith,  K.  :  8-47 

Smith,  L.  G.  :  3-67;  9-  51 

Smith,  M,  ;  20-8 

Smith,  P.  T.  :  14-(18),  (225) 

Smith,  R.  A.  :  17-25;  21-3". 

Smith,  S.  J.  :  7-40;  17-2,  3,  20-208;  21-5? 

Smyth,  K,  C.  :  7-23 

Snelling,  D.  :  6- 1 7;  20- 1 57;  24-2 1 

Snow,  W.  R.  :  7-8 

Snuggs,  R. M.  ;  21-63,  66 

Sokai.  H.  :  12-61 

Somevillo,  J.  M.  :  21-16 

Speier,  F.  :  12-49 

Spence,  D,  :  10-58;  20-145;  21-6,  51 
Spizzichino,  A.  :  3-34 

Srivastava,  B.  N.  :  14-(3524),  (3769),  (3943) 

Sroka,  W.  :  14-(3833),  (4336) 

Stabler,  R.  C.  :  21-56 
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Stair,  A.  T.  ,  Jr.:  11-2,  3,  31,  33 
Stanton,  P.  N.  :  14-(37!0) 

Starr,  V.  P.  :  3-52* 

Starr,  W.  L.  :  20-85 

Stebbings,  R.  F.  :  7-46;  15-45,  46,  58,  59,  60;  20-108,  129,  137, 
209,  229 

Stedman,  D.  H.  :  19-56 

Steele,  F.  K.  :  9-54 

Steer.  R.  P.  :  20-158 

Stein,  J,  A.  :  1  2-24 

Stein,  R.  P.  :  16-26 

Stein,  S.  ;  8-49 

Steinberg,  M,  :  24-18 

Steiner,  B.  :  17-6 

Stelman,  D.  ;  17-19;  21-54 

Stevenson,  D,  R.  :  8-37 

Stewart,  A.  I.  :  9-102;  21-37,  60 

Stewart,  A.  L,  :  8-68,  69;  12-47 

Stewart,  D.  T.  :  14-(333);  20-214,  215 

Stoicheff,  B.  P.  :  10-56 

Stoiarski,  R.  S.  •  4-  1  3;  11  -24;  20- 58 

Stormer,  C.  :  9-13 

Street,  K.  :  20-100 

Strobel,  D.  F.  :  3-69,9-91 

Studniarz,  S.  A.  :  7-47 

Stuhl,  F.  :  9-127;  20-183,  184;  24-41,  43 

Sugden,  T.  M,  ;  16-35;  17-30 

Sullivan,  J.  O.  :  12-21;  20-191 

Summers,  H.  P.  :  8-11 
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Sunshine,  G.  :  21-7 
Suzuki,  H.  :  21-51 
Swidt'r,  W.  ,  Jr.:  13-3 
Swift,  D.  W.  :  9-49 
Syverson,  M,  W.  :  16-26 

Takahashi,  T.  :  21-36 
Takamine,  T.  :  10-19 

Takayanagi,  K.  :  8-42,  52.  55,  56:  20-75;  21-15,  36,  43,  50 
Takeda,  S.  :  21-14 
Tal'roze,  V.  L.  .  :  7-13 

Tanaka,  Y.  :  10-19,  22;  12-18,  28,  36,  37,  44,  50,  59,  63 
Tancie',  A,  R.  :  8-24 
Tannenwald,  L.  M,  :  11-62 
Tardy,  D.  :  20-22’ 

Tate,  J.  T.  :  14-(18) 

Taubenheim,  J.  :  9-50,  57 
Taylor,  A.:  3-41,  48 
Taylor,  H.  A.  :  9-29 
Taylor,  II.  S.  :  8-65;  17-60 

Taylor,  R.  L.  :  10-14,  43;  11-20,  67;  20-82;  21 -21,  34 

Tchen,  C.  M,  :  5  (Author) -43,  53,  68 

Teague,  M.  W.  :  17-31;  18-41;  24-7 

Teare,  J.  D.  :  16-27;  24-  Id 

Teplova,  Ya.  A.:  15-50,  51,  56 

Thane,  E.  V.  :  21-29 

Theard,  U  P.  :  16-23 

Theobald,  K.  :  9-106 

Theon,  J.  C.  :  3-28 

Thomas  H.  :  15-15 
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Thomas,  L.  :  5-9;  9-39;  20-90;  21-72 
Thompson,  B.  A.  :  12-10 
Thompson,  K.  R.  ;  11-14 
Thompson,  W.  P.  :  19-30 
Thomson,  J.  J.  :  8-27;  16-68 
Thonemann,  P.  C.  :  7-52,  53;  14-(2ol) 

Thrane,  E,  :  5-16  (Ed.) 

Thrush,  B.  A.  :  19-10,  18,  21,  26,  32,  40,  57;  20-123,  231,  233 

Tiernan,  T.  O.  :  17-65 

Tilford,  S.  G.  :  10-21 

Tinsley,  B.  A.  :  9-79 

Tipper,  C.  F.  H,  :  11-18  (Ed.) 

Tisone,  G.  :  14-{2904);  17-3,  37;  21-41 
Toistoy,  P.  N.  ;  3  (Supp.  )* 

Tousey,  R. :  13-9,  10 
Tozer,  B.  A.  :  14-(357) 

Trainor,  D.  W.  :  24-15 

Trajmar,  S.  :  20-112,  113;  21-31,  32,  51 

Treanor,  C.  E. ;  20-81 

Trefftz,  E.  :  8-5 

Troim,  J.  :  9-98 

Trozzolo,  A,  M.  :  20  (Ed.  ) -153 

Trueblood,  D.  L.  :  7-97;  17-33;  21-3 

Trujillo,  S.  M.  :  7-37,  59;  14-(978),  ( i 268);  2 1  -  1 8,  22 

Tsang,  S.  G.  :  20-1-13 

Tsao,  C.  W.  :  7-  50 

Tucker,  W. :  8-3 

Tuckwell,  H.  C.  :  8-76 

Turner,  B.  R.  :  7-46;  0-38;  15-55,  60;  18-21,  22,  69,  70;  20-108, 
129,  229 
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Turner,  D.  W.  :  7-78,  79,  80,  82 
Tverskoi,  P,  N.  :  3  {Supp.  )* 

Twiddy,  N.D.  :  7-11 
Tyler,  B.  J.  *.  19-33 

Ulwick,  J.  C.  :  9-9 
Ung,  A,  Y,  M. :  12-74 
Urbach,  H,  B. :  19-7 
Utterback,  N.  G,  :  7-40;  20-130 

Vallance- Jones,  A,  :  6-9 

Valley,  S.  L.  :  3- 15  (Ed.  )*;  5-3  (Ed. );  7-69  (Ed. ) 
vandenHulst,  H.  C.  :  5-2  (Ed.  ) 

Vanderhoff,  J.  A.  :  18-63 

Van  derHoven,  J.  :  3-49 

Vanderslice,  J.  T.  ;  8-31 

vanderWiel,  M.  J.  :  14-(1281) 

van  Linv,  V.  A.  J.  :  7-8,  97;  16-25;  17-33;  21-3 

Van  Zyl,  B.  :  7-55;  14-(2171),  (2772) 

Varney,  R.  N.  :  18-25;  21-64 
Vasseur,  G.  :  3-31 
Vaughan,  A.  L.  :  14-{17) 

«  r  •  >  T-»  n  1  O 

veaim,  'wi. 

Vedeneyev,  V,  I.  et  al;  17-68 
Verdeyen,  J.  T.  ;  21-3 
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